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A successful method in relation to increasing the thermoelectric figure of merit is by 
means of employing the lattice thermal conductivity, seeing as this one of the parameters 
which is not affected by the electronic structure of the material. It can be accomplished by 
employing the sol-gel method to synthesise the thermoelectric materials. The advantage of the 
sol-gel method includes minimisation of the lattice vibration and consequently, lower thermal 
conductivity.   
In this thesis, the thermoelectric characterisation of nickel nanoparticles embedded in 
silica aerogel at two different concentrations has studied and compared with pure silica 
aerogel. The samples exhibit a significant increase in electrical conductivity, while the 
sample’s thermal conductivity remained almost unchanged. This promising result has 
motivated the nanostructuring of Zn4Sb3 and embed it in the silica aerogel using the sol-gel 
method.   
Thermal conductivity measurement using scanning thermal microscopy proven to be a 
technique to evaluate the thermal conductivity at submicron scale. However, this technique is 
limited by several important parameters in relation to extracting thermal conductivity. In this 
thesis, thermal conductivity measurements using scanning thermal microscopy were studied 
and all relevant parameters measured experimentally with the aim of improving the accuracy 
of the thermal conductivity measurements. Likewise, a method has created that will measure 
the seebeck coefficient of the material using SThM. The advantage of this technique 
compared with existing methods are direct measurement, no sample preparation and no need 
to fabricate seebeck coefficient test structures.  
In this thesis, the thermoelectric materials are characterised using different techniques 
to evaluate the performance of the material from 300K to 420K. The measurements system 
used in the thesis are thermal conductivity measurements using three specific techniques: 
scanning thermal conductivity, HotDisk analyser and Raman spectroscopy temperature 
dependence. The electrical resistivity of the materials was studied using the Keithley 4200-
SCS four probe station. The material seebeck coefficient was measured using scanning 
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Energy is essential for all activity to occur. As the global population grows and new 
industrial economies emerge, energy demands continue to increase at a rapid pace. As it is 
confronted by this challenge, new types of energy supply are necessary, while limiting the 
environmental impact that our energy use causes. Answering this challenge requires all 
available energy resources. Converting energy with high efficiency is one of the major 
challenges of energy production. Additionally, employing thermoelectric materials improves 
the effectiveness of applications and can be used as an energy harvester that directly converts 
waste heat into electricity.  
 
Thermoelectricity refers to the ability of current to flow inside materials due to a 
temperature difference.1 The electrical conductance G of a nanoscale device with a channel 








) 𝑑𝐸  Equation 1-1 
 
Figure 1. 1: Thermoelectric device connected with two contacts3 
 
Conductance is proportional to the quantized conductance 2𝑞2 ℎ⁄  correlated with the 
contacts.3 Here, 𝑞 is the electron charge and ℎ is the Planck constant. Conductance is also 
related to the conducting channels number 𝑀 (𝐸) at energy E and moreover, is proportional to 
the conductor width in the 2D materials and to the cross-sectional part in the 3D materials.2-3 
2 
 
Conductance is also proportional to the transmission T (E), which is the probability of an 
electron with energy E introduced via one contact to the other contact.3 It should be noted that 
the expression for electrical conductance has been observed to be effective in 1D, 2D and 3D 
and also in ballistic, diffusive and quasi-ballistic resistors for the appropriate expression of M 
(E), T (E).3 The electrical voltage in the bulk is 𝑥 = 𝜌𝑛𝐽𝑛𝑥   (Vm
−1). A similar equation can 
be derived for 2D and 1D cases.2-3 
 
Heat flux 𝐽𝑄, due to heat transported by lattice vibration, the device phonons with two 
contacts shown in Figure 1-1 can be expressed as:1-3 
 
𝐽𝑄 = −𝑘𝐿 
𝑑𝑇𝐿
𝑑𝑥
     Wm−2  Equation 1-2 
 
where 𝑘𝐿 is lattice thermal conductivity. The electrons in the state are filled according to the 
equilibrium Fermi-Dirac function and phonons obey Bose-Einstein statistics.4 The heat 
current is a combination of thermal conductance and temperature difference.5  
The total electrical current (𝐼𝑡) of a resistor bulk where two contacts are separated by 
length (L) within the existence of a temperature gradient is:6  
 
𝐼𝑡 = 𝐺∆𝑉 + 𝑆𝑇∆𝑇   Equation 1-3 
 
where 𝑆𝑇  is the Soret coefficient in AK
-1 which is defined as the ratio of the thermal diffusion 
coefficient to the normal diffusion coefficient. Thermoelectricity contains the flow of heat and 
charge. The heat current 𝐼𝑄 at temperature gradient is:
7-8  
 
𝐼𝑄 = −𝑇𝑆𝑇∆𝑉 − 𝐾0∆𝑇  Equation 1-4 
 
where 𝐾0 is the electronic heat conduction due to electron in WK
-1 and T is temperature in K. 
It should be stated that both the lattice (phonons) and the electrons participate in the 
conduction of heat. The lattice thermal conductivity (𝑘𝑛) is related to the electronic thermal 
conductivity (𝑘0) in the n-type semiconductor as follows:
9 
 
     𝑘𝑛 = 𝑘0 −  𝑠𝑛




The 𝑠𝑛 is Seebeck coefficient for n type conductor in WK
-1 and 𝜎𝑛 is conductivity in Sm
-1. 
 
1.2 Electric current flow: the Seebeck effect 
The Seebeck effect is the appearance of potential differences due to the existence of a 
temperature gradient in a material (Figures 1-2). When a temperature difference exists 
between two ends of the material (𝑇1, 𝑇2), electrons go from the hot to the cold end. 
Consequently, a positive voltage must develop to halt the diffusion. Similarly, for a p-type 
semiconductor, a negative open-circuit voltage develops. This open-circuit voltage is termed 
Seebeck voltage (∆𝑉).10-11 
 
∆V = − ∫ S (T)dT
T2
T1
    Equation 1-6 
.  
 
Figure 1. 2: N-type semiconductor in relation to the existence of a temperature gradient3   
 
It should be noted that the Seebeck effect can be explained in terms of Fermi levels.9 
The current flow depends on the difference in Fermi energy (𝑓𝐸 = 1 1 + 𝑒
(𝐸−𝐸𝐹) 𝑘𝐵𝑇⁄⁄ ) of two 
contacts. In highly doped n-type semiconductors, the levels which are conducting the current 
are above the Fermi level (𝑓2(𝑇2) > 𝑓1(𝑇1)). Therefore, for the current to be discontinued, 
contact 2 must create a positive voltage to lower its Fermi level and produce (𝑓2(𝑇2) =
𝑓1(𝑇1)). Alternatively, in the case of a highly doped p-type semiconductor, seeing as the states 
are below the fermi level (𝑓2(𝑇2) < 𝑓1(𝑇1)), a negative voltage should be created on contact 2 
to raise its Fermi level and produce (𝑓2(𝑇2) = 𝑓1(𝑇1)). The Seebeck coefficient (𝑆(𝑇)) relates 











+ 𝛿𝑛)  Equation 1-7 






+ 𝛿𝑝)  Equation 1-8 
 
where  𝛿𝑝 indicates how far the average current flows from the conduction band edge (𝐸𝑐) in 
a n-type semiconductor or (𝐸𝑣) in p-type semiconductors and q is the electron charge that has 
a value of 1.6 × 10−19 C .9  
 
 
Figure 1. 3: Equilibrium Fermi function vs. the energy of two distinctive temperatures9 
 
1.3 Heat current flow: the Peltier effect 
 
In 1834, Peltier discovered the second law of the thermoelectric effect, where an 
isothermal sample consisting of an electric current driven into one of the contacts enables 
electrons to flow from one end to the other. As the electrons flow, they transmit energy (heat); 
therefore, an electron current is supplemented by means of a heat current. It should be noted 
that the Peltier effect is primarily an interface effect, as the energy transfer occurs at the 
interface of metal to semiconductor which makes the junction cold.12 
 
The magnitude of absorbed and produced heat (𝑄) at the junction when a current (𝐼) 
is present is expressed as:  
 




The symbol 𝛱(𝑇) is the Peltier coefficient, which depends on the direction of the current 
being positive or negative.11 
The Seebeck (𝑆(𝑇)) and Peltier (∏ (𝑇)) effects have an intimate relationship, known 
as the Kelvin relation. This relationship demonstrates that the Seebeck effects and Peltier are 
fundamentally related by temperature T:10 
 
𝛱(𝑇) = 𝑇 𝑆(𝑇)   Equation 1-10 
 
 
Figure 1. 4: n-type semiconductor slab with a current source that forces heat flow3 
 
1.4   The Thomson effects 
 
In the Seebeck effect an electric current will be induced in a material under a 
temperature gradient. The Peltier effect is exchanging heat within the environment when an 
electrical current goes through a material. Therefore, both a temperature gradient and electric 
field are present and occur at the same time inside the single material. This is termed the 
Thomson effect (𝜅) and includes only a single material. Therefore, there is no need for a 
junction.10 
When a current (𝐼) is passing through a semiconductor, the Thomson relationship can 
determine the rate of heat (𝑄) that is exchanged with the environment:11  
 
𝑄 = 𝜅 𝐼 ∆𝑇    Equation 1- 11 
 
As a result of the Thomson effect, a single thermoelectric device can be used either in 
power generation or refrigeration mode.  
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The Seebeck coefficient is associated with the average energy of current transport and 
both types of thermal conductivity; specifically, lattice and electronic thermal conductivity 




= 𝐿    Equation 1-12 
 
which is the Wiedemann-Franz law with 𝐿 = 2.44 × 10−8, W Ω K−2  being the Lorentz 
number and 𝜎𝑛 is electrical conductivity in Sm
-1.14  
 
1.5 Thermoelectric figures of merit (ZT) 
 
The thermoelectricity of materials involves direct conversion between the electricity 
and heat. The Peltier, Seebeck and Thomson effects are common ways to exploit the 
performance of thermoelectric materials. In addition, the thermoelectric material’s functioning 





    Equation 1-13 
 
where, σ is electrical conductivity, S is the Seebeck coefficient, 𝑘𝑛 is the lattice thermal 
conductivity, 𝑘0 is the carrier (electronic) thermal conductivity and T is the temperature. 𝑆
2σ 
is known as the thermoelectric power factor.   
Each of these parameters has a crucial role to play in enhancing the 𝑍𝑇.14  
 
Symbol Relation Name Unit 
𝑆 ∆𝑉/∆𝑇 Seebeck coefficient VK−1 
𝜎 ∆𝐼/∆𝑉 Electrical conductivity sm−1 
𝑇 𝑇 Temperature K 
𝐾 1/𝑇 (∆𝑄/∆𝑑) Thermal conductivity Wm−1K−1 
Table 1.1: Thermoelectric materials factors14  
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The challenge in producing a high figure of merit (𝑍𝑇) lies in simultaneously attaining 
a high Seebeck coefficient, high electrical conductivity in addition to low thermal 
conductivity in the same solid. These parameters are temperature-dependent and are closely 
interrelated in such a way that by enhancing one parameter, the other decreases.    
The contributions made by the ZT parameters are illustrated in Figure 1-5.15 This 
graph demonstrates that a considerable Seebeck effect (very low carrier concentration) is 
required. Materials comprising a high Seebeck coefficient can be created in insulators with a 
wide band gap, in addition to a low carrier density semiconductor.16 To have extensive 
electrical conductivity, a material with a narrow band gap is desirable. These materials with 
high electrical conductivity can be uncovered in metals, as well as high concentration 
semiconductors. Consequently, optimisation of these parameters is required, in order for the 
materials to have thermoelectric properties. High-quality thermoelectric materials are heavily-
doped semiconductors ranging from 1020 to 1021 (carrier cm-3) to make sure that high 
conductivity occurs. In addition, to have a sizable net Seebeck effect, a single type carrier (P 
or N type) is necessary. 
 
Figure 1. 5: Contributions to ZT 17 
The Seebeck effect depends primarily on the difference in the Fermi levels of 
materials,18 whereas electrical conductivity is dependent on the amount of conduction 
channels and the average free path of the carriers.19-20 The denominator of the ZT is the 
thermal conductivity. Typically, the lattice thermal conductivity might be engineered with the 




1.6 Thermoelectric devices 
 
Thermoelectric devices consist of thermoelectric materials and can therefore, be 
employed in various applications. Thus, a thermoelectric device could possibly be conjoined 
with other energy converters, for instance photovoltaic devices that are unsuccessful in 
capturing the thermal part of solar energy, or can work as independent devices in power 
generation, refrigeration and sensors. Improving the efficiency of thermoelectric devices may 
possibly mean that they are applied more in conventional applications. There are numerous 
advantages in using thermoelectric devices compared to fossil fuels, solar energy and nuclear 
source generators. The benefits consist of the absence of moving parts, reduced maintenance 
and independence from the type of heat source.  
High-quality thermoelectric materials have the N-type and P-types separated to 
produce a single type carrier, which increases the Seebeck coefficient.21 Furthermore, a small 
band gap and sufficiently highly doped materials are necessary, in order to increase mobility 
and, as a consequence, increase electrical conductivity. Thermoelectric devices consist of two 
legs connected in series, in addition to two ends which are shorted at the top for current flow 
supplied by a current source situated at the bottom, although there is a thermal parallel to the 
heat flow. Each of the legs comprises doped materials with 𝑆 >  0 for p-type and 𝑆 <  0 for 
n-type.22-25 The practical importance of the performance of thermoelectric materials occurs 
lies in the ability to convert heat into electricity in power generation mode, or to force heat to 
flow in refrigeration mode. 
 
Thermoelectric effects can be used in various applications such as:25 
1. Power generation (Seebeck effect)   ∆𝑇 → ∆𝑉 
2. Cooling and heating elements (Peltier effect)  ∆𝑉 → ∆𝑇 
 
Considering a thermoelectric power generator which consists of P-type and N-types of 
thermoelectric material connected at the hot end and a load connected to the cold end of the 
module. In the case of the power generator in Figure 1-6, heat is applied to the upper plate and 
a heat sink on the bottom plates. Thus, positive charges are transferred away from the heat 
source, down the P-type leg via the load, whilst the current is conveyed back into the load on 
the left and continues up the N-type leg. In the N-type leg, the electrons are transported away 
from the heat source to complete the circuit. Here, the Seebeck effect will generate a potential 





Figure 1. 6: Thermoelectric power generator 26 
The temperature difference between the two ends provides the voltage and heat flow at 
both legs, which enables the current. Maximum power is attained once the internal resistance 
of the module is equivalent to the load resistance (load matching). Thus, the internal 
resistance of the module not only depends on the electrical resistance of thermoelectric 
materials but is also reliant on the electrical resistance of the metal and the metal 
interconnector between the modules, and, moreover, is dependent on the geometry of the 
materials such as the area (A) and, length (L).27 Similar to electrical resistance, thermal 
conductance includes radiation and conduction of entire modules and, in addition, also has an 
effect on efficiency. 
 









   Equation 1-14 
where,  



















 =  Carnot coefficient  
 
The maximum efficiency of thermoelectric power generation involves two terms. The 
first is the Carnot coefficient, where each type of heat engine cannot exceed the Carnot 
boundary.17 The second is the thermoelectric properties of the materials used in devices, 
which are expressed in terms of the figure of merit (𝑍𝑇).27   
 
 
Figure 1. 7: Thermoelectric power generation involving numerous p and n-type thermoelectric 
materials26 
 
Figure 1. 8: Conversion efficiency of a thermoelectric power generator 27 
Kelvin states that the Peltier effects and Seebeck will occur in a single thermoelectric 
module. The same theory is also applied to the Peltier cooler, as illustrated in Figure 1-9. 
However, an external current source will drive carriers inside the materials and force heat to 




Figure 1. 9: Thermoelectric Peltier cooler 26 










   Equation 1-15 
 
 
Figure 1. 10: Coefficient of performance of a thermoelectric Peltier cooler 27 
Thermoelectric materials can be applied in numerous applications, depending on the 
temperature of the application.  
I. Room temperature applications (Low temperatures) 
 
a. Implantable medical devices require the batteries to be changed after a number 
of years. Such devices can be operated by thermoelectric power generation that can harvest 
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heat from the human body and convert it into electricity so as to activate the device. To allow 
the device to function, a thermoelectric module with 70 μW in output is sufficient.28   
b. Thermoelectric power generation can be used to operate wireless sensors. 
Wireless sensors are a combination of a microelectronic CMOS, battery and sensors. Thus, a 
thermoelectric power generator can harvest heat by operating the CMOS and convert it into 
electricity to charge the battery.    
II. High temperature (industrial applications) 
a. Approximately 90% of global oil and gas needs to be converted in to heat prior 
to being utilised. However, this method wastes a considerable amount of heat. Hence, only 
30% of the overall energy is useful energy, while roughly 70% dissipates.17 With regards to 
this, a thermoelectric power generator can be used to convert some of this energy into 
electricity. 
Other thermoelectric applications include:17  
• Peltier coolers  
• Waste-heat recovery, e.g. from vehicles  
• Micro refrigerators on chips 
• Telecoms laser cooling 
• Thermal cycler (DNA amplifier) in the biomedical sector 
• Thermoelectric sensors  
 
Table 1-2 provides a list of thermoelectric materials at both room temperature (RT) 
and high temperature up to 900 K. Moreover, the device efficiency of these materials using 
Equation 1-15 is also estimated at the peak performance of their temperature. The device 
efficiency potential of room temperature thermoelectric materials only is calculated for Table 
2. As the temperature difference is much larger in high temperature application, any 
improvement in ZT can also improve device efficiency in high temperature applications.     
The maximum efficiency of thermoelectric materials before and after ZT enhancement 
was calculated based on 𝜂𝑚𝑎𝑥. The maximum efficiency of the single thermocouple versus the 
temperature difference at a different current and predicted values of ZT is plotted in Figure 1-
8. In this calculation, the temperature on the side of the cold end was maintained at 300 K, 
whilst the temperature on the hot side varied from 300 to 600 K. 
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The problems associated with this material during fabrication are demonstrated in the 
table below. The cost and complexity of fabrication and toxicity play significant roles in the 
application of thermoelectric materials.  
The efficiency of a thermoelectric device at room temperature ( ∆𝑇 ≈ 25 K ) is low 
because the thermoelectric material’s ZT is low. A theoretical study performed for Zn4Sb3 
demonstrated nanoporosity can in effect improve the ZT of this specific material by a factor 
of 5.8. It has been observed that at room temperature, this increase in ZT can improve device 
efficiency by a factor of 14.  
Table 1.2 illustrates that ZT has increased 150 𝑡𝑖𝑚𝑒𝑠 by making nanowires (instead of 
bulk), 46 times by introducing doping, and 47 times by using porous material (instead of 
bulk). Thus, combining these techniques provides a wider scope to improve values of ZT 
further. The potential is shown of the possibility of increasing ZT significantly by using 
nanostructuring and porosity and consequently device efficiency could rise.  
The efficiency of a thermoelectric device is dependent on:29 
• ZT 
• Amount of heat flow (𝑄ℎ ) through the material from the side that is hot to the 
side which is cold 
 
1.7 Possible thermoelectric materials 
 
Three important parameters; specifically, the electrical and thermal conductivity, as 
well as the Seebeck coefficient need to be selected carefully. Semiconductors have a higher 




Table 1.2: Thermoelectric materials at both high and room temperature 
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allowing the separate control of electrical conductivity (electron) 𝜎 and thermal conductivity 
(phonon) 𝑘𝑛.   
Table 1.3 reveals thermoelectric parameters in the materials. It demonstrates that 
semiconductors are the most appropriate material to choose for thermoelectric materials and 
that these characteristics can be engineered with the intention of boosting the thermoelectric 
material’s performance in the semiconductors.54  
 










k Materials ↓ 
Metal 
Very High 
~107 Sm-1    ↑ 
 
Low 
~ 10μVK-1   ↓ 
 
High 




~10-10Sm-1  ↓ 
High   ↑ 
 
Low 





10-3Sm-1   ↑ 
 
High 
~120 μVK-1   ↑ 
 
Low 
~10 Wm-1K-1  ↓ 
 
Table 1.3: The thermoelectric properties of bulk metals, semiconductors and insulators54 
 
A variety of thermoelectric materials have been developed, which are used in 
thermoelectric devices. Most of the thermoelectric materials have temperature-limited 
operations at certain temperatures. In order to have a high net Seebeck coefficient, it is vital to 
develop single thermoelectric materials (P-type or N-type). N- and P-type materials developed 
for semiconductors are illustrated in Figure 1-11.12  
(Bi, Sb)(Te, Se) are the most familiar commercial thermoelectric materials employed 
in thermoelectric devices. Tellurium (Te), which is known to be toxic, is one of the scarcest 
elements on the planet, which makes its applications expensive and less sustainable for large 
appliances. The material works at room temperature, given that it does not function at a high 






Figure 1. 11: N-type and P-type semiconductor materials15, 17, 21 
 
1.8 The thermoelectric figure of merit. How it can be improved? 
 
The main challenge in developing thermoelectric materials with a high figure of merit 
is to connect the thermoelectric parameters. There are a number of approaches used to 
enhance the figure of merit, such as doping with certain materials, nanostructuring, alloying 
and introducing porosity inside the material.    
Alloying is one of several methods employed with the aim of improving the figure of 
merit in thermoelectric materials over an extensive period of time. Atomic-scale defects in 
alloying materials will scatter phonons and, resulting in reduced thermal conductivity. This 
method is reaching its limit and reducing thermal conductivity further by alloying is almost 
impossible.55 
Another successful method to increase ZT can be achieved by means of controlling the 
lattice thermal conductivity, as this is the only parameter not influenced by the electronic 
parameters of the material.56  
The denominator of the figure of merit 𝑍𝑇 is thermal conductivity for which, in 
general, 𝑘𝑙 ≫ 𝑘𝑒𝑙𝑒 is true in semiconductors.
56 It should be mentioned that the lattice thermal 
conductivity is relative to the mean free path of phonon scattering. Electron scatter from 
defects, phonons, roughness and boundaries, and any minute change in these factors can 
enhance ZT and feasibly reduce thermal conductivity. The differences in thermal conductivity 
in the materials is illustrated in Figure 1-12. In the case of a semiconductor, the graph 
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confirms that virtually all of the heat is conveyed by phonons and the thermal conductivity is 
reducing in the metal.57 
Therefore, the ZT can be developed by means of: 
• Enhancing the power factor 𝑆2𝜎 (thermo power), or by way of 
• Lowering the thermal conductivity  𝑘 
 
 
Figure 1. 12: Thermal conductivity variation in the materials 57 
Table 3 shows the consequences of lattice thermal conductivity on the thermoelectric 
material’s performance. Here, the comparison is undertaken between the N-type and P-type 
Bi2Te3 with bulk Si and Ge at 300 K.
58-59 In Table 3, virtually all of the materials have the 
same doping concentration at the same temperature of 300 K. The electrical resistivity in Si 
and Ge is not too different from that of the Bi-Te components. In addition, most of the change 
is caused by the huge difference in thermal conductivity.  
Bi2Te3 demonstrates a narrow band-gap, whilst the mean free path is also very small 
(Λ =15 nm at 300 K). Thus, these characteristics produce thermal conductivity which is 
extremely low and as a result, increase the figure of merit. In the case of silicon, this material 
has a similar mean free path (Λ =14 nm at 300 K) but a wide band-gap, which produces 



















N-type      
n-Bi2Te3  (31) - 1.6 × 10−5 -160 2.0 740 × 10−3 
n-Si   (32) 1.0 × 1019 6 × 105 -95 148 31 ×  10−5 
n-Ge  (33) 1.1 × 1019 1.5 × 10−5 -308 59.9 32 ×  10−3 
P-type       
p-(BiSb)2Te3 (31) - 1.2 × 10−5 175 2.0 675 × 10−3 
p-Si   (32) 1.5 × 1019 9 ×  10−5 148 148 49 ×  10−5 
p-Si    (34) 1.0 × 1019 2.8 × 10−5 280 59.9 14 ×  10−3 
Table 1.4: Comparison of the thermoelectricity of the three materials58-59 
There is an improvement in ZT due to the nanostructuring of this material. Thus, 
nanostructuring improves the density of the state (DOS) adjoining the Fermi level by means 
of quantum confinement and, therefore, enables the thermopower (𝑆2𝜎) to increase. 
Furthermore, as the average free path of the electron is small in contrast to that of the phonons 
in semiconductors, which are heavily doped, the nanostructuring creates a large density of 
interface, where phonons over a large average free path range can be dispersed more 
efficiently and favourably contrary to the electrons. Therefore, the lattice thermal conductivity 
is reduced, whereas the electronic conduction and carrier mobility is maintained.60-65 
Furthermore, the nanostructuring of materials has increased ZT in numerous materials, as 
indicated in Table 2.  
Certain materials, for example bulk lead telluride (PbTe)-based materials, 
PbTe/PbSeTe quantum dot superlattices, BiTe/SbTe superlattices, and, recently, Si nanowires 
and BiSbTe composite structure have created significant enhancements in  𝑍𝑇 due to 
reductions in thermal conductivity by means of phonons scattering due to nanostructuring.65 
A high 𝑍𝑇 value up to 2.4 has been observed in Bi2Te3/Sb2Te3 superlattices.66 In addition, 
PbTe/PbTeSe quantum dot superlattices that comprise values of 𝑍𝑇 greater that 3.0 at 600K 
have been reported.67 
Figure 1-13 illustrates recent figures of merit for high performance thermoelectric 
materials related to nanoengineering.68  Figure 1-13 is verbatim the same as figure 2 in 
reference 70.  In the case of SiGe alloy, nanoengineering improves the performance of the 
thermoelectric material. Consequently, the ZT has improved from 0.2 to 1.4 K at 1200 K.69  
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As an example, Bi2Te3 base film is confirmed as having a thermal conductivity of 0.3-
0.4 Wm-1K-1 that is 25% lower than the bulk.66 Furthermore, silicon nanowire 10-20 nm thick 
exhibits low thermal conductivity with a kbulk/knanowire ratio, which is noted to be as high as 
25–150 at room temperature.59 
 
Figure 1. 13: ZT as a function of temperature for nanoengineered thermoelectric materials 70 
Apart from nanostructuring, by introducing porosity in the thermoelectric materials, 
thermal conductivity can be decreased considerably. The main mechanism to lower thermal 
conductivity in porous materials is by scattering the phonons with pore boundary. In addition, 
the number of pores, as well as their size, shape and orientation influence thermal 
conductivity.71   
The influence of porosity on the thermoelectric properties of Bi2Te3 has been 
extensively reported. Figure 1-14 reveals the effect of porosity on its ZT. The study 
demonstrates that the introduction of porosity results in, reduced lattice thermal conductivity 
and electrical resistivity, as well as an improved figure of merit.72   
 




Overall, the figure of merit will increase by ensuring that the thermal conductivity is 
lowered. However, the optimisation of porosity is required so as to accomplish the most 
appropriate figure of merit. In the case of Bi2Te3, which is a nanoporous structure, a value of 
porosity of 2.30% could improve the ZT. The maximum figure of merit for this material is 
0.54 at 325 K.72 A theoretical investigation in relation to the material porosity and pore 
surface roughness of silicon nanomeshes has been conducted. At room temperature, a porosity 
of 50% results in a reduction of 80% in thermal conductivity. Furthermore, the pore boundary 
also reduces thermal conductivity; however, its influence is weak.71  
Mesoporous ZnO thin films are synthesised by using the aerogel technique and their 
porosity increased from 29-40%. The electrical and thermal conductivity and Seebeck 
coefficients signified a close correlation with the porosity of the thin films, indicating that the 
thermoelectric properties can be changed by altering their porosity. The mesoporous ZnO thin 
films with the highest porosity examined had the best thermoelectric properties (the lowest 
thermal conductivity and the highest Seebeck coefficient).73-74 
 
Discussion has taken place concerning the effect of nanoscale porosity on the 
thermoelectric properties of SiGe.75 The results indicate that porosity often results in smaller 
values of ZT in SiGe due to a reduction in electrical conductivity. The thermal conductivity of 
CoSi has been determined to decrease with the introduction of porosity and is also influenced 
by the numbers of pores. However, electrical conductivity decreases as the porosity increases, 
due to the scattering of electrical conductivity.76  
 
1.9 Thesis Motivation 
 
The characterisation of thermoelectric materials of submicron scale is a challenging 
task. The Seebeck coefficient, thermal conductivity and electrical resistivity perimeters 
signify the performance and quality of the material. Therefore, precise and accurate 
measurement is essential for any electronic device. In this thesis, the thermoelectric 
characterisation of Zn4Sb3 material and silica aerogel using different techniques is discussed. 
In particular, the scanning thermal microscopy technique is used to examine thermal 
conductivity and the technique is discussed in detail. The effect of SThM probe thermal 
conductance on thermal conductivity measurements has been experimentally determined. 
Likewise, a specific method has been created with the intention of measuring the Seebeck 
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coefficient utilising SThM. The proposed technique is used to examine the Seebeck 
coefficient measurements of samples.  
Silica aerogel is of interest owing to its minimal thermal and electrical conductivity. 
Engineering the material properties of silica aerogel can alter its electrical and thermal 
conductivity. This has led to the synthesis of silica aerogel embedded with Zn4Sb3 
thermoelectric material in this study. The thermoelectric properties of the synthesised material 
have been examined using different techniques, which represents a promising route to 
improving its properties. In addition to that, the thermoelectric characterisation of silica 
aerogel embedded with nickel nanoparticles has been examined which also shows that it is a 
promising material.  
1.10 Thesis outline 
 
In Chapter 2, a brief summary of the measurement techniques is given. Standard 
results on known samples are also presented. Chapter 3 thermal conductivity measurements 
using scanning thermal conductivity (SThM) are discussed. The results are compared with 
thermal conductivity measurements using different techniques. In addition, the effect of 
SThM probe thermal conductance on thermal conductivity is discussed. Chapter 4 presents 
the characterisation of the thermoelectric properties of silica aerogel embedded with nickel 
nanoparticles (NiNPs), while Chapter 5 describes the synthesis of silica aerogel embedded 
with Zn4Sb3 as a thermoelectric material. In addition, the thermoelectric characterisation of 













This chapter examines the experimental approaches to characterise materials in this 
PhD. In order to evaluate the performance of materials, accurate characterisation is necessary. 
In particular, the characterisation of individual parameters in the figure of merit at different 
temperatures is essential.   
The Peltier coefficient, Seebeck coefficient and electrical conductivity, in addition to 






    Equation 2-1 
 
The electrical characterisation of the material uses the Van der Pauw structure on a 
four-probe station and the Hall effect to be measured. The thermal conductivity of the samples 
is measured using scanning thermal microscopy, a HotDisk analyser and Raman-temperature 
spectroscopy. Here, by applying the Wiedemann-Franz law (𝑘 = 𝜎𝐿𝑇), the electronic thermal 
conductivity is estimated. With regards to the properties of the thermoelectric materials, the 
figure of merit is a temperature dependent quantity.  
The Peltier and Seebeck coefficients are related to the Kelvin relation, and thus there 
is no need to measure them separately. 
To obtain accurate results, electrical and thermal characterisation must be completed 
carefully, as several factors can affect the results, as discussed below. Since all of the 
parameters in the figure of merit are temperature-dependent, they can be multiplied by 
absolute temperature in an attempt to make the result dimensionless. Material composition is 
analysed using Raman spectroscopy, where the electrical resistivity is assessed using the four-




2.2 Electrical characterisation  
 







   Equation 2-2 
 
where σn is conductivity and 𝐸𝐹 is quasi-fermi level. By solving the Boltzmann transport 
equation78, a standard result is predictably obtained. 
The subscript 𝑛 indicates that it is an N-type material and it is assumed that a similar 
equation can be considered for P-type materials. Under a uniform carrier density, 
𝑑(𝐸𝐹/𝑞) 𝑑𝑥 = 𝑥⁄ ,
 78-79 and:  
 
𝐽𝑛𝑥 = 𝜎𝑛 𝑥    Equation 2-3 
𝑥 = 𝜌𝑛𝐽𝑛𝑥    Equation 2-4 
 
where, 𝑥 is the electric field and  𝜎𝑛 is electrical conductivity. For a diffusive sample, 
resistivity depends on the material and not on the dimensions of the sample.79 The units of the 
current density and resistivity of 1D, 2D and 3D samples are as shown in table 2.1:  
 
 
Dimension εx Jnx ρn 
1D Vm−1 A Ωm−1 
2D Vm−1 Am−1 Ω 
3D Vm−1 Am−2 Ωm 
Table 2.1: The units of current density and resistivity depending on dimensionality               
 
The resistivity of the material is frequently established by means of applying the 4-
probe method. In this procedure, two probes are utilised to measure the voltage, whilst the 
two remaining probes are employed to assess the current. The four-probe method is able to 
eradicate measurement errors attributable to probe resistance, the contact resistance between 
each metal probe, in addition to the material and the spreading resistance under each probe. In 
this technique, a high impedance voltmeter obtains a slight current. Hence, the voltage 
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throughout the probe resistance is reduced, increasing the contact resistance and resistance 
that are extremely small. 
 
2.2.1 Four-probe resistivity measurement 
 
The electrical current equation is:79  
 
𝐽𝑛𝑥 =  𝜎𝑛 𝑥        Equation 2-5 
 
The subscript 𝑛 indicates an N-type material, but similar considerations also apply to 
p-type materials. Resistivity is generally measured because it depends on the material and not 
the dimensions of the resistor. 
Electrical conductivity is measured by applying the Van der Pauw technique to obtain 
electrical resistivity. Moreover, two different measurement systems are used in this study: 
Hall equipment and four probe measurement (CASK4200 equipment). 
The CASK4200 allows the measurement of resistivity in the absence of a magnetic 
field; however, in the case of the Hall equipment, by applying a magnetic field, resistivity, 
carrier density and mobility can be measured. The advantage of using the Van der Pauw 
technique to measure resistivity is that it allows problems due to sample geometry to be 
avoided.80-81 In this technique, sheet resistance, carrier density, carrier type and the mobility 
of major carriers can be determined.80 
In the technique, four contacts are provided on the edges of the sample. The contacts 
are sufficiently small.  
 
Figure 2. 1: Van der Pauw structure 79 
 














= 1  Equation 2-6 
 









   Equation 2-8 
 
Here IAB is the current fed to the sample from contact A and drained from contact B. If 














   Equation 2-10 
 
Therefore:   
𝜌 =  
𝜌1+𝜌2
2
    Equation 2-11 
               
The resistivity, carrier density and mobility of a material can be measured using the 
Hall effect measurement technique.81 In this technique, by applying a z-direction magnetic 
field 𝐵𝑧, forcing a current to contact A and C whilst measuring the voltage between the other 
two, B and D reverse the direction of the magnetic field and once more measure voltage 
between the same contacts. The average of the two measured voltages is the Hall voltage 𝑉𝐻: 
 
𝑉𝐻 = 𝐵𝑧𝐼/𝑛𝑠𝑡𝑒   Equation 2-12 
 
Where 𝐼 is electrical current, 𝑡 is the thickness of the conductor and 𝑒 is te electron charge. 
The Hall coefficient rH, Hall concentration nH, charge concentration ns and 𝐽𝑥 is current 






    Equation 2-13 
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𝑛𝐻 = 𝑟𝐻𝑛𝑠    Equation 2-14 
𝑟𝐻 = 1/𝑒𝑛𝐻    Equation 2-15 
 
The dependence of electrical resistivity with temperature illustrates the influence of 
scattering on the carrier mobility within the materials. Typically, mobility increases as the 
temperature rises; subsequently, at a certain temperature, the mobility will begin to decrease. 
These changes in mobility are attributed to charge impurity scattering and phonon scattering 
respectively.83 The important point as regards mobility when it increases with increasing 
temperature, is that it indicates the presence of impurity-dominated scattering, whereas when 
mobility decreases with increasing temperature, this signifies increasing phonon scattering.83  
 
2.3 Thermal characterisation  
 
Measuring thermal conductivity is a challenging task. In this case, the challenge 
occurs owing to the problem associated with performing the measurement, besides the 
microstructural differences in subtle characteristics, for instance grain orientation, porosity, 
the size of the defect, in addition to the impurity levels between the materials.82-83   
Many techniques exist to determine the thermal conductivity of material, for instance 
the thermal diffusivity method. This method has advantages and, in addition, some 
limitations.84-86   
Thermal conductivity was investigated and measured using three different methods: 
scanning Thermal Microscopy, micro Raman spectroscopy and HotDisk analyser. These 
methods enable thermal conductivity to be investigated at submicron scale. In particular, 
SThM is a useful tool that can capture both the bulk and nanoscale properties of materials. 
 
2.3.1 Scanning thermal microscopy (SThM) 
 
An atomic-force-microscopy (AFM) probe is utilised with the purpose of scanning 
sample top surfaces to generate images with vertical and horizontal resolution down to the 
nanoscale range.87-88 The AFM comprises a cantilever which has a sharp tip positioned at its 
end. Additionally, a laser diode points towards the end of the tip and subsequently creates 
reflection of the light from the cantilever to a sensitive deflector. The instrument operates by 
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way of determining the deflection which takes place on the tip while it is scanning the surface 
of a substrate, where this particular deflection is identified by the change in the reflected 
light.89-90 A schematic diagram of an AFM is shown in Figure 2-2. 
 
 
Figure 2. 2: Schematic diagram of an AFM89 
In regard to the scanning thermal microscopy, the AFM equipment uses a special 
cantilever to calculate the thermal conductivity or the local temperature of an interface. The 
SThM technique plots the thermal properties of the sample surface by means of utilising a 
thermal probe that includes a resistive element.90 It should be noted that the SThM exists in 
two modes, thermal contrast microscopy (TCM) and thermal conductivity contrast 
microscopy (CCM).91 TCM permits the variations in temperature on a sample surface to be 
determined, whilst CCM enables the user to calculate variations in thermal conductivity in a 
sample surface. 
The tip of the SThM is the principal part of SThM measurement. It performs 
concurrently as a resistance thermometer (or a heater in the CCM mode) and as a contact 
AFM tip. SThM probes used previously provided insufficient spatial and thermal resolution 
and moreover, were seriously restricted by the geometry of a wire-based thermal probe, for 
instance Wollastone wire.92  
The XE-Series SThM makes use of a nano-fabricated thermal probe where a resistive 
element is lithographically patterned on to the tip of the AFM. The tip of the radius of the 
nanofabricated probe is below 100 𝑛𝑚, allowing high resolution thermal image scanning, 




Figure 2. 3: SEM image of the Nanothermal probe 93 
 
The specifications of the nanothermal probe are listed in Table 2.2 in detail.  
 
Nanothermal probe properties Specification 
Cantilever base Silicon 
Cantilever dimension 150 μm × 60 μm × 1 μm 
Tip height ~12 μm 
Tip radius ≤ 100 nm 
Resistance 200~600 Ω 
Thermal coefficient of resistivity ~1 Ω °C-1 
Maximum recommended current 2 mA 
Maximum recommended temperature 200 °C 
Normal spring constant ~0.45 Nm-1 
Normal resonant frequency ~48 kHz 





Figure 2. 4: Scanning thermal microscopy probe91 
 
In the TCM approach, the resistive element of the thermal SThM probe is employed as 
a resistance thermometer. Its temperature varies as the tip scrutinises the surface in relation to 
the temperature of the surface. The alteration in the temperature of the resistive element 
produces a change in its resistance. Moreover, the temperature of a very small region can be 
measured by way of passing a continuous current through the tip and calculating the 
resistance. 
To recognise the change in tip resistance, it is created to be a part of the Wheatstone 
bridge circuit as Figure 2-5 illustrates. Furthermore, a continuous current, known as the probe 
current is distributed to the bridge.  
Initially, the tip is placed in thermal equilibrium together with the sample surface, 
which results in constant resistance. The variable resistor located in the bridge is subsequently 
modified, with the aim of making the potential difference between Points 1 and 2, zero. 
Afterwards, the probe’s temperature is noted to alter as the probe inspects the surface. The 
equivalent change in probe resistance will modify the voltage balance of the bridge and as a 
result, modify the voltage difference between Points 1 and in Figure 2-5. This process is 





Figure 2. 5: The SThM probe is part of the Wheatstone bridge92 
 
In this case, so that no self-heating of the probe arises, the current passed through the 
probe in TCM is established to be small enough. This is for the reason that resistance 
change attributable to self-heating would trigger errors in temperature measurement. 
Likewise, in the TCM method, the scanning speed is restricted by the time it takes the tip to 
achieve thermal equilibrium with the surface of the sample.91-93 
In CCM, the thermal SThM probe’s resistive element is operated as a resistive heater. 
Figure 2-6 illustrates a schematic diagram of SThM in CCM. To preserve the tip of the probe 
at a set temperature via a feedback loop, an adequate amount of energy is applied. The energy 
that is essential to maintain the set temperature signifies the local thermal conductivity.93-94 
 
 
Figure 2. 6: SThM probe as part of the Wheatstone bridge circuit comprising a feedback loop 




In the CCM approach, the control circuit makes use of a feedback loop to alter the 
current of the probe applied to the bridge, with the intention of sustaining the probe at a 
temperature that is constant.  
 
Originally, the tip is in thermal equilibrium with the surface of the sample. The energy 
which is delivered to the tip by the probe current equates to the heat (energy) emanating from 
the tip by way of heat conduction between the tip and the surface of the sample.  
 
The following three factors control the flow of the heat:94-96 
• The probe’s contact area 
• Temperature difference between the probe and the sample  
• Thermal conductivity of the sample 
 
If the sample is flat enough and allows the contact area of the probe to remain constant 
and moreover, the sample is at a continuous temperature, where the difference in temperature 
between the probe and the sample stays constant, given that the probe’s temperature is 
maintained at a constant level via the feedback loop, the difference in thermal conductivity of 
the surface material can be verified by way of calculating the modification in heat flow from 
the probe to the surface.  
In other words, heat flow changes cause the probe temperature to change. Then, a 
corresponding resistance change alters the balance of the bridge and then the generation of the 
SThM error signal. The feedback loop detects the error signal and alters the probe current to 
cancel out the error signal. The probe current, via a feedback loop, decreases or increases the 
energy provided to the cantilever tip to maintain a constant temperature and therefore a 
constant resistance. The distribution of thermal conductivity on the sample surface is 
determined according to the change in probe current.97-100 
2.3.2 Raman spectroscopy 
Raman spectroscopy is an effective and extremely influential analytical process that 
provides information at a molecular level. In this process, the interaction of electromagnetic 
radiation with matter, primarily the scattering of light in addition to a specific emission, 
delivers information regarding chemical agents that is crucial.101 Moreover, within a wide 
range of scientific disciplines, Raman spectroscopy is an essential device in obtaining such 
corroboration. This method permits the rapid detection of materials and gives valuable 
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information concerning rotational and vibrational transitions and also provides data on the 
structure of the material, structural analyses and spatial arrangement of the molecules.102 
 
In relation to Quantum theory, the energy of photon E is given by equation 2-16:101-102 
 
𝐸 = ℎ 𝜈 = ℎ𝑐?̅?     Equation 2-16 
 
where ℎ is Planck’s constant, ν is its frequency and  ?̅? is the wavenumber. The specific energy 
∆E has to fulfil the quantum condition that follows:  
 
Δ𝐸 = |𝐸𝑝 − 𝐸𝑞|= λ ν = 
ℎ𝑐
𝜆⁄    Equation 2-17 
 
where 𝐸𝑝 and 𝐸𝑞 are energies of different quantum states, where a molecule can occur, 𝑐 is 
the velocity of light and λ is the wavelength. Therefore, the energy of a molecule will be 
altered by an amount 𝐸, if the discharges the photon.  
 
Figure 2. 7: Energy level diagram for Raman scattering, Stokes scattering and anti-Stokes 
scattering 101 
 
The Raman effect occurs when intense monochromatic light irradiates a piece of 
material as shown in figure 2.7. A significant part of the light beam, typically from the near-
infrared, visible or near-ultraviolet range is dispersed without any changes in frequency. 
Consequently, no energy is lost or gained. Specifically, a part is absorbed in Rayleigh (elastic) 
scattering, which is vital for the origin of the spectra, is dispersed non-elastically. Once the 
photon interacts with the molecule, principally with the bonds of the molecule and the 
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electron cloud, the photon induces molecule excitation from the ground state to a virtual 
energy state. When the molecule slows down, it produces a photon and subsequently, goes 
back to a different rotational or vibrational state. The energetic difference between the ground 
state and the final state creates a shift in the released photon’s wavelength.102 
Raman shifts is dependent on the specific molecular geometry of the material and are 
autonomous of the incident photon’s wavelength; that is, of the excitation wavelength of the 
laser. 
Raman spectrum signifies the requirement of intensity of the scattered light (in 
arbitrary units) on wavelength or on a Raman frequency shift (measured in cm−1). The 
intensity of Raman scattering is subject to various factors, for instance the excitation 
wavelength of the laser employed, the excitation power applied, the volume of Raman active 
molecules lit by the laser beam, as well as the temperature.102  
 
Figure 2. 8: Raman spectroscopy: principle and detector set-up102 
 
2.3.3 Temperature-dependent Raman spectroscopy  
The non-contact and direct method applied in the measurement of thermal 
conductivity is based on micro-Raman spectroscopy. In this system, a laser beam is focused 
accurately on the sample and collects scattered phonons due to phonon-phonon scattering 
with lattices. This scattering is known as Raman scattering. Furthermore, temperature 
information can be obtained by the shifting of the Raman peak due to thermal expansion.94-95 
In relation to Raman spectroscopy, this technique is based on two things. First, local 
heating due to the laser beam concentrating on the sample, is directly related to the thermal 
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conductivity of the sample. Secondly, the change in the Raman peak by means of temperature 
can be applied to assume the local temperature increase.95 
The straightforward linear relationship between heating power 𝑃 and the local 
temperature of the sample creates its thermal conductivity. Furthermore, calibration at low 
laser power 𝑃 is required so that no additional temperature will be induced. This is essential to 
associate the Raman peak position to the local temperature. Subsequently, at any given laser 
power, the extent of the Raman peak position is related to the increase in the temperature 
locally and produces the determination of the thermal conductivity of the material. 
 
 
Figure 2. 9: Schematic diagram of the micro-Raman method 96 
 
As shown in Figure 2-9, when a laser beam is treated with radiation and concentrated 
on the sample, the temperature will increase at the place where the beam strikes the surface. 
The increased temperature is precisely associated with the thermal conductivity of the sample. 
The shift in Raman peak in conjunction with the temperature can be utilised to determine the 
difference in the increase in local temperature. In addition, a simple relationship between laser 
power and local temperature can be used to extract thermal conductivity: 
 
𝑘 =  
2𝑃
𝜋𝑎 (𝑇𝑠−𝑇𝑟)
   Equation 2-18 
where  
𝑃= the power of laser in Watts 
𝑎 = diameter of the heating source 
𝑇𝑠 = local temperature on the sample 




In this method, the sample is heated from 20 ℃ to 150 ℃ during the heating stage. The 
Raman calibration equation explains the relationship between the Raman peak position and 
temperature at low laser power. The calibration needs to be performed at low laser power in 
order to ensure that additional heat is not introduced into the sample. The position of the 
Raman peak needs to be plotted against the temperature to extract the Raman calibration 
equation.  
 
The Raman measurement of porous silicon with a porosity of 64% and thickness of 93 
μm was found.96 The sample was heated from 100 to 500 ℃ with intervals of 100 ℃ using a 
heating stage. The power of the laser beam at this point was 1.8 mW so as to make sure that 
the temperature did not increase. The Raman measurement was performed at five different 
temperatures and the results are illustrated in Figure 2-10. 
 
 
Figure 2. 10: Raman spectra and the peak positions of porous silicon at various temperatures 
96 
The linear correlation between the Raman peak position of the sample tested and the 
temperature is described in Figure 2-11. Consequently, it can be seen that the Raman peaks 





Figure 2. 11: Raman peak position vs. the temperature of porous silicon at a low laser power 
of 1.8 mW 96 
The line equation such as the one shown in Figure 2-18 can be extracted from Raman 
peak position versus temperature. By performing the Raman measurement with laser power 
which is higher, the line equation is used to extract the corresponding local temperature (𝑇𝑠) 
on the sample with a different laser power. The 𝑇𝑠 is substituted in Equation 2-16 to extract 
the sample’s thermal conductivity. Here, the thermal conductivity of the porous silicon 
sample with a porosity of 64% is 0.85 W m-1 K-1.96  
 
An alternative way to measure thermal conductivity by Raman spectroscopy is via the 
intensity ratio (anti-Stokes/Stokes ratio).97-98 If the system is in thermal equilibrium, the 







𝐾𝐵𝑇𝑠   Equation 2-19 
where 
𝐼𝐴𝑆= anti-Stokes Raman shift 
𝐼𝑆 = Stokes Raman shift 
𝐾𝐵= Boltzmann constant 
ℎ𝜐1 = energy gap between the excited and ground states 
𝑇 = absolute temperature 
 




𝐼𝑠  ∝  𝜈0(𝜈0 − 𝜐1)
3   Equation 2-20 
𝐼𝐴𝑠  ∝  𝜈0(𝜈0 + 𝜐1)
3   Equation 2-21 
 
where 
𝜐0 = frequency of exciting laser beam,  
𝜈0 ± 𝜐1= frequency of Raman Stokes (- sign) and anti-Stokes (+ sign) band 
 
A combination of the Boltzmann distribution and frequency dependence gives:  
 






𝑘𝐵𝑇𝑠  Equation 2-22 
where 
𝑇𝑠 = local temperature of the sample which has increased due to the laser power.  
 
By using Equation 2-19 and substituting 𝑇𝑠, the sample’s thermal conductivity can be 
removed.   
2.3.4 HotDisk analyser 
The HotDisk is also employed to establish the samples’ thermal properties. In this 
method, a disk sensor is located between two samples. Subsequently, it is heated by way of a 
continuous electrical current for a short period. The heat that is produced disperses from the 
sensor into the immediate unknown sample material, which generates a temperature increase 
and the sensor. The mean rises in the transient temperature of the sensor, in the region of 
0.5K- 5K, is calculated at the same time by means of monitoring the difference in electrical 
resistance.99  
 
The temperature coefficient of the sensor material’s resistivity is the relationship 
related to the change in resistivity with the corresponding variation in temperature. In order to 
avoid any influence from outside the lateral boundaries of the sample, the time duration of the 
heating current is typically restricted by the sample size. Furthermore, if the sample is greater 
than the diameter of the sensor, the probing depth of the heating (thermal penetration depth) 
should be of an equivalent magnitude as the radius of the Hot Disk sensor. Consequently, this 






Figure 2. 12: Hot Disk sensor with a diameter of 5mm 100 
 
In this experiment, the HotDisk TPS 2500 S model was employed. The device 
specifications can be seen in Table 2-3:100 
 
 
Thermal conductivity 0.005 to 1800 Wm-1K-1 
Thermal diffusivity 0.1 to 1200 mm²s-1. 
Specific heat capacity Up to 5 MJm-3K-1. 
Measurement time 1 to 1280 seconds. 
Reproducibility Typically, better than 1 %. 
Accuracy of 
measurement 
Better than 5 % 
Temperature range -253 °C to 1000 °C. 
With furnace Ambient to 750 °C [1000 °C oxygen free]. 
With circulator -35 °C to 200 °C 
Smallest sample 
Dimensions 
0.5 mm × 2 mm diameter or square for bulk testing. 
0.1 mm × 10 mm diameter or square for slab testing. 
10 mm × 5 mm diameter or square for one-dimensional 
testing. 
Sensor types available All Kapton sensors. 
All Mica sensors. 
All Teflon sensors. 





2.4 Characterisation of material composition  
 
The composition of the materials has an effect on their physical utility properties and 
therefore, their electrical and thermal characteristics. This section describes the tools used to 
examine and identify the composition of the materials.   
 
2.4.1 X-ray diffraction  
For the identification of unknown crystalline materials, for example minerals or 
inorganic compounds, a powerful tool known as X-ray powder diffraction (XRD) is used. The 
identification of unknown solids is significant in relation to studies in geology and 
environmental science.103 XRD is also used for the characterisation of crystalline materials, 
and the identification of fine-grained minerals such as clays, the determination of unit cell 
proportions. 
X-rays are created in a cathode ray tube by means of heating a filament to deliver 
electrons, which are accelerated in the direction of a target by an elastic field. The target 
material is showered with electrons. It can be seen that characteristic X-ray spectra are created 
when the electrons have sufficient energy to dislodge the inner shell electrons of the target 
material.103 
Next, the X-rays are focused onto the sample. As the sample and detector rotate, the 
intensity of the reflected X-rays is documented. When the geometry of the incident X-rays 
encroaching on the sample is able to satisfy the Bragg equation, constructive interference 
takes place and a peak in intensity arises. Figure 2.13 shows the peak position of the Zn4Sb3 
powder measured with the XRD.  
The XRD experiment is carried out with either powdered sample or single crystal. In 
single crystal XRD allows to observe the exact atomic positions with determining the bond 
length and angles. Whereas in the powder XRD, it provides information about the phase and 
crystallinity of material. The powder XRD looks at a large sample and mainly it is considered 





Figure 2. 13: Peak positions arise where the X-ray beam is diffracted by the crystal lattice in 
the XRD measurement of Zn4Sb3 
 
2.4.2 Transmission electron microscopy  
Transmission electron microscopy (TEM) is where a beam of electrons is diffused via 
an ultra-thin specimen. As it passes through, the electrons interact with the specimen. An 
image is then created by way of the interaction of the electrons conveyed via the specimen. 
Additionally, the image is enlarged and concentrated on an imaging device, for example a 
fluorescent screen on a layer of photographic film, or to be identified by a sensor, like a 
charge-coupled device (CCD) camera. 
 
2.5 Sample preparation  
 
A typical sample shape for electrical resistivity measurements is a rectangle whereas 
the sample could be in any shape to measure thermal conductivity. In this study the Zn4Sb3 
thermoelectric material was received from the research collaborators in a cylindrical disk 
shape with a thickness of 5mm. The sample was cut using a wire cutting machine in 
41 
 
rectangular (5mm × 5mm) shape. For contact purposes, four gold contacts were deposited on 
the four corners of each sample. Gold makes a better contact between the probes and the 
sample. 
The silica aerogel was received in a random shape. Then, the samples were cut into a 
rectangular shape using a small fixed-blade cutter.    
 
2.6 Synthesis of the sample using Aerogel 
 
Most aerogels result from gels prepared by way of the sol-gel process. Sol-gel denotes 
a process where solid nanoparticles dispersed in a liquid phase (sol) collect together to shape a 
permanent three-dimensional network that extends throughout the liquid phase (gel).105 The 
production of the aerogel involves a series of distinct steps, as follows: 
 
Step 1: The establishment of different solvated metal precursors or stable alkoxide 
solutions (sol).  
Step 2: Gelation resulting from the formation of an oxide- or alcohol- bridged network 
(gel) by means of the reactions of polycondensation or polyesterification, which produces a 
remarkable improvement in the viscosity of the solution.  
Step 3: The gel aging (syneresis), during the polycondensation reactions last to a point 
that the gel changes into a solid mass, together with the contraction of the gel network and 
discharge of the solvent from the pores of the gel. 






Figure 2. 14: Aerogel production steps105 
 
Step 4: Aerogels are high surface area and nanoscale mesoporous materials of low 
density. After the gel is formed and shaped, it is dried. In this step, the solvent is eliminated. 
The way the liquid phase is withdrawn from the wet-gel establishes if the dried material is a 
denser Xerogel or a highly porous aerogel. Xerogel is produced by the evaporation of the 
solvent from the wet gel. This results in the breakdown of the wet-gel structure. Regarding the 
compliant network, the gel is distorted as a consequence of the capillary forces created by the 
liquid. Additionally, ambient pressure drying, or supercritical drying of the wet gels give rise 
to aerogels. Depending on which process is employed to remove the pore fluid from the wet 





Figure 2. 15: Representation of the agglomeration of nanoparticles during the aerogel 
production process105 
 
Weak capillary forces create an ambigel, whereas strong capillary forces produce a 
xerogel. Furthermore, zero capillary forces form an aerogel which ostensibly maintains the 
low-density framework of the wet gel. 
 
Sol-gel is especially susceptible to the following parameters shown below: 
• pH – pH relates to the hydrolysis phase, which is essential in creating the 
nanoparticles and gel network. 
• Solvent – the solvent dissolves the nanoparticles and permits the nanoparticles to be 
linked together. 
• Temperature – temperature has a crucial role to play in the creation of nanoparticles 
and it enables the nanoparticles to enter a gel network. 
• Time – overall, if a gel is created slowly, it typically has a structure that is much 
more uniform, while the aerogel which is produced shows improved mechanical properties. 
• Catalysts (both acids and bases) – quicken chemical reactions and have a 
considerable impact on the gelation period. In several instances, catalysts can lessen gel time.  
• Agitation – combining a sol during the gelation procedure is essential to control the 






2.7 Sol-gel process 
 
Alkoxide gelation is the most familiar method applied to produce silica gels. This 
method comprises the reaction of a silicon alkoxide with water in a solvent, for example 
acetone or ethanol, regularly in the presence of a basic catalyst. In this procedure, each 
specific component performs individually: 
• Silicon alkoxide (typically tetramethoxysilane TMOS or tetraethoxysilane TEOS) 
acts as the source for the silica, whilst water performs as a reactant that allows the alkoxide 
molecules to combine 
• A catalyst (like ammonium hydroxide or ammonium fluoride) enables the underlying 
chemical reactions to be quick enough to be beneficial 
• A solvent (for instance ethanol, methanol, or acetone) which is miscible with both 
silicon alkoxides and water sets off the chemical reactions in one stage. When a silicon 
alkoxide reacts with water to form a silica gel, the following effects take place at the 
molecular level: 
• Hydrolysis - Silicon alkoxide undergoes a reaction with water to produce silanol (Si-
OH) groups where R is the alkyl group: 
 
≡ Si − OR + 𝐻2𝑂 ⇄≡ Si − OH + ROH 
 
 
• Water condensation - Silanol groups react with one another: 
 







• Alcohol condensation 
Silanol groups react with alkoxide groups (Si-OR) to create a siloxane bridge (Si-O-
Si). This results in two molecules combining to form a larger molecule, where is R – alkyl 
group: 
 
≡ Si − OH + RO − Si ≡⇄≡ Si − O − Si ≡ +ROH 
 
Individually, every silicon atom can create four siloxane bridges, where small 
molecules connect to the giant molecules that contain thousands of silicon-oxygen bridges. 
These large gatherings of oxygen and silicon bridges are termed silica nanoparticles and 
comprise diameters of a few nanometres. Consequently, the collection of nanoparticles forms 




This chapter explained the experimental technique that used to synthesised silica 
aerogel doped with Ni nanoparticles and silica aerogel doped with Zn4Sb3 nanoparticles and 
characterised the prepared materials to evaluate the ZT.  
The sol-gel method has used to synthesise the silica aerogel doped with nanoparticles. 
The samples have been cut in a dimension that fit characterisation equipment such as SThM 
and CASK4200. The samples thermal conductivity has been measured using two different 
techniques, SThM and HotDisk analyser. The SThM allows the investigation of the thermal 
properties of the samples at submicron whereas the HotDisk has been used to confirm the 
SThM thermal conductivity measurements.  XRD is used for the characterisation of 
crystalline materials, and the identification of fine-grained minerals such as clays, size of 
particles, the determination of unit cell proportions. The TEM is also used for the 
determination of nanoparticles size and shape. The measured particle size using the TEM has 
been compared with the measured size particle using XRD.  
The Van Der Pauw structure on the CASK4200 equipment has used to measure the 
electrical resistivity.  The measured sample’s parameters have been used to evaluate the 






Thermal conductivity and seebeck coefficient measurement using SThM 
  
3.1 Introduction  
 
The characterisation of materials at the micro and nanoscale are proving a challenging 
task.108 For instance, measuring thermal conductivity in thin films regularly requires the 
creation of a microscale test structure on the surface of the sample. Typically, this is often a 
complex process and has inadequate spatial resolution.109 Scanning probe methods can offer 
micro and possibly nanoscale characterization at high spatial resolution and also require 
nominal preparation of the sample.110 The implementation of AFM more recently has enabled 
the thermal properties of individual nanostructured materials, thin film, besides bulk materials 
with nanometer resolution to be mapped.111  
SThM is an alternative to AFM that utilises a temperature sensitive probe. SThM is 
capable of imaging temperature distributions in the submicron regime with high spatial 
resolution using a sharp temperature-sensing tip as well as obtaining topographical images at 
the same time. SThM can operate in two different active and passive modes.112 In passive 
mode, the resistive part of the thermal probe is employed as a resistance thermometer. 
Moreover, as the tip scans the surface, its temperature changes according to the temperature 
of the surface. A temperature change in the resistive element generates a change in relation to 
its resistance. By running a continuous current via the tip and measuring the resistance, the 
temperature of an extremely small area can be determined. In active mode, the resistive 
element of the thermal probe is operated as a resistive heater. Sufficient energy is utilised by 
the tip of the probe to preserve it at a set temperature by means of a feedback loop. The 
energy that is necessary to sustain the temperature signifies local thermal conductivity. 
Previous SThM probes such as the Wollaston wire are unable to deliver appropriate spatial 
and thermal resolution, given that they are restricted by the wire-based geometry.113 The 
SThM tip serving as a resistance thermometer or heater is mounted on a microcantilever such 
that a constant tip-sample contact force is maintained by the force feedback loop and a 
thermal image is recorded simultaneously by imaging the surface topography.  
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The use of SThM for measuring sample temperature and local thermal conductivity is 
unable to determine the thermal conductance of heat flow within the probe (𝐺𝑝) and at the 
probe-to-sample interface (𝐺𝑐).
114-115 The SThM probe apex temperature (𝑇apex) is always 
estimated and considered as a constant value in order to extract values of  𝐺𝑝 and then 𝐺𝑐. 
This increases the uncertainty of thermal conductivity measurement. The 𝑇𝑎𝑝𝑒𝑥 is estimated to 
be 3/2 times bigger than of the probe body temperature (𝑇𝑝𝑟𝑜𝑏𝑒).
115 However, the variation of 
𝑇apex and 𝑇probe at higher than room temperature is not shown yet. Seeing as the probe apex 
is down to a scale compared to the average free path of the probe material, the thermal 
conductivity of the probe apex differs at different temperatures. 𝐺𝑝 varies with temperatures 
more than the ambient temperature. However, the influence of this variation in relation to 
thermal conductivity measurement has not been identified.   
In this chapter, the effect of the 𝐺𝑝 on the thermal conductivity measurement is 
reported. The measured thermal conductivity has been validated using a HotDisk Analyser. 
The thermal conductivity using these techniques allows a comparison of the thermal 
conductivity measurement at the micro and submicron scale. The thermal conductivity 
measurement using the SThM enables the electronic and lattice thermal conductivity 
contributions to be individually examined. The procedure has been utilised to measure the 
thermal conductivity of silica aerogel doped with nickel nanoparticles (NiNP). In addition, the 
SThM technique permits the thermal conductivity of the NiNP to be measured separately, in 
contrast to the silica aerogel. 
In this chapter a technique that measures seebeck coefficient within the bulk sample is 
also demonstrated. In this technique, a thermometer and a thermal probe that serves as a 
heater are utilised to measure the seebeck coefficient between the thermal probe and heated 
region of the sample. The thermal probe is used in conjunction with a Peltier heater and 
temperature controller to measure the local seebeck coefficient of the bulk sample. 
Additionally, the proposed method has been employed to determine the thermal conductivity 
of silicon.  
3.2 Scanning thermal microscopy (SThM) 
 In scanning thermal microscopy, a thermal probe allows the thermal properties of 
samples to be determined. The SThM thermal probe along with an AFM configuration 
permits simultaneous topographical images of the sample top surface.116-119 With resistive 
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probe, the temperature of a sample top surface (passive mode) and local thermal conductivity 
of sample top surface (active mode) could be determined.120  
3.2.1 Resistive SThM probes type 
In both the active and passive modes, the probe electrical resistance of the SThM and 
hence the temperature is controlled via an electrical circuit. Three types of resistive probe are 
typically applied in the operation of the SThM; specifically, the Wollaston wire probe, silicon 
nanoprobe and the Kelvin Nanotechnology (KNT) probe. In the Wollaston wire, the resistive 
element is a wire which is 5 μm in diameter and 200 μm in length.121-122 It is made of Rh 
10% Pt 90% and bent in a V-shape (Figure 3-1a). Figure 3-1b illustrates the schematic 
diagram of the Wollaston probe, whilst its properties are summarised in Table 3-1.123 
 
 
Figure 3. 1: a) Description of the Wollaston probe b) SEM (Scanning Electron Microscope) 





















200 5 15 5 240 
Table 3. 1: Properties of the Wollaston wire probe 123 
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The KNT probe contain Pd thin film as the resistor and pads are made of gold 
deposited on a cantilever (Figure 3-2). The cantilever was originally created from silicon 
dioxide (SiO2) and subsequently changed to silicon nitride (Si3N4).
124 The cantilever’s length, 
width and thickness are 150 μm, 60 μm and 0.4 μm respectively. The height and thickness of 
the tip are 10 𝜇𝑚 and 40 𝑛𝑚 respectively, whereas its width varies between 1.5 and 6 μm. 
The radius of the tip is smaller than 100 nm. SEM images of the KNT probe shown in Figure 
3-3. 
 
Figure 3. 2: Description of the KNT probe (courtesy of Kelvin Nanotechnology)124 
 
 
Figure 3. 3: SEM images of the Palladium probe 124 
 
The silicon nanoprobe incorporates two micrometric legs with a high-level doping and 
a low doped resistive element. The tip has a curvature nanometric radius with a shape that can 
be described as pyramidal (conical in the case of the IBM probe) and is installed on the top of 





























IBM [10] 50 10 0.5 2 < 20 1 200 
Table 3. 2: Dimensions of silicon nanoprobes 
 
In this work, the KNT thermal probe is made use of in order to demonstrate the 
sample’s thermal properties.  
3.2.2 SThM measurement approaches  
In SThM probe resistivity measurements, the examination and understanding of the 
measurements involves a particular model that connects the electrical measurement to the 
sample’s thermal properties (Figure 3-5). The heat balance equation on element 𝑑𝑥 of the 




















Figure 3. 5: Schematic of the Wollaston probe 126 
 
θ= T-Ta is the abscissa 𝑥 relative temperature of the fin. In this case, λ, S, ρ, p and α 
are respectively the thermal conductivity, section, electrical resistivity, and perimeter of the 
Pt90/Rh10 wire. h represents the heat transfer coefficient of the losses in regard to the 
ambient environment. In view of the fact that the section of the Pt90/Rh10 wire is much 
smaller in comparison to that of the Wollaston wire, the boundaries are presumed to be heat 
sinks (T=Ta at x=0). In addition, the probe’s average temperature is regularly established 








A. DC regime 
 
When a DC current is used to heat the probe, the time the probe takes to attain its 









(1 + 𝛼𝜃) = 0  Equation 3- 2 
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) = 𝐺𝑒𝑞𝜃(𝑥 =
𝐿
2
)  Equation 3- 4 
 
where 𝐺𝑒𝑞 (WK
−1) signifies the equivalent thermal conductance between the sample thermal 





     Equation 3- 5 
An explanation of the series of thermal conductance of the probe-sample is 
demonstrated in Figure 3-7. 127-129 
 
The heat methods that function between the sample and the probe are presented in 𝐺𝑐. 
According to the explanation of the sample (bulk, layered samples …) and the heat source; 





Figure 3. 7: Network of the thermal conductance’s of the probe-sample system129 
 
Let m²=hp/λS and Ω=Geq/Gp where Gp=λS/L is the thermal conductance of the 
probe. Solving Equation (3.2) with the two conditions (Equations (3.3) and (3.4)), the Joule 























 Equation 3- 6 
 














    Equation 3- 7 
 
The expression Δ𝑃 𝑃𝑐 = (𝑃𝑐 − 𝑃𝑜) 𝑃𝑐 ⁄⁄  was utilised in the calibration of the SThM 
probes for the measurements of the thermal conductivity of the bulk samples.131 Here, the heat 


















B. AC regime 
 
Puyoo (2012), made use of an old palladium probe (with SiO2 cantilever) in the AC 
regime to ascertain the thermal conductivity of silicon nanowires embedded in silicon dioxide 
sample.132 In his measurement approach, Puvoo modified Lefèvre’s model to the palladium 
probe by explaining the probe as two thermal fins created from two adjacent materials (Pd and 
SiO2).
133 The term diffusion was just taken for the SiO2 part, given that this part has a bigger 
part in contrast to that of the Pd (SSiO2/SPd ∼ 25). Moreover, the same boundary conditions as 
seen in Equations (3.3) and (3.4) were appropriated and the measurements completed. Seeing 
as the dimensions at the tip apex are down to distances compared to the average free path of 
the material, the thermal conductivity of the probe apex can vary contrary to the one assessed 
in the diffusive regime. Essentially, regarding the silicon nitride (Si3N4) cantilever, the 
average free path of the phonon at room temperature is of the order of 20 nm and the tip 
radius is roughly 50 nm.133 
Tovee et al. (2012) recommended that heat transfer in the probe based on the diffusive 
regime is a rational calculation. They suggested that their method is related to the fact that the 
Knudsen number is insignificant with regard to SiO2 (old cantilever) - Kn≃0.2. Nevertheless, 
the thermal resistance of the probe (𝑅𝑝) measured experimentally in the vacuum environment 
(Rp = 8 × 104 K W-1) is greater than anticipated in relation to numerical simulations (Rp = 
5.35 × 104 K W-1). This could be because the probe section decreases at the probe apex and 
hence, for the additional thermal resistance brought about by the boundary scattering within 
the probe apex to be considered.133 Additionally, in the numerical simulations, these effects 
were disregarded, as deliberated by the authors.134 In effect, the radius of the tip-sample 
mechanical contact may possibly be smaller than the average free path of the heat carriers in 
the sample.  
3.2.3 Heat transfer mechanism  
The working of a heated AFM cantilever is dependent on the temperature dispersal 
within the cantilever and the cantilever tip. Figure 3-8a displays the heat flow paths from and 
within a heated cantilever. The heat generated in the tip flows to the substrate either through 
the environment or through the cantilever and then to the substrate. Heat flows through the 
cantilever heater and legs by conduction and from the cantilever to the environment by 
conduction and thermal radiation.134 The thermal conductance of the silicon-heated cantilever 
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is roughly 1 μWK−1 when it is operated to heat a substrate as shown in Figure 3-8b. 
Approximately 30% of the total heat created emanates from the heater, across the air gap and 
into the substrate.135 The rest of the heat flows down the legs, although virtually all of this 




Figure 3. 8: (a) Thermal resistance network model and expected temperature profile on the 
substrate. (b) Non-dimensional temperature profile on the surface of a silicon substrate treated 
with a 100 𝐧𝐦–thick gold film.135 
 
Many applications of heated AFM cantilevers depend on locally raising the 
temperature at the tip-substrate interface. Heat transfer via the tip is either by means of the 
direct solid contact or through a water meniscus formed near the contact. When the tip is in 
contact with the substrate closer than the average free path of the medium molecule, ballistic 
conduction through the gap determines the tip-sample heat transfer (Figure 3-9).133-135 
Thermal conduction via the tip-sample contact is crucial for heated cantilever applications, 
due to the small size of the contact and also due to thermal boundary resistance at the tip 
substrate interface. Typical thermal contact thermal conductance is in the range 
0.1– 100 nWK−1. For a tip radius of 30 nm, a typical contact diameter is approximately 10 
nm with a contact force of 10 nN. In humid air, a water meniscus forms at the tip-sample 
contact. For a wetting surface and relative humidity of 0.5%, the liquid contact diameter is 
about 30 nm, somewhat larger than a typical solid contact diameter of about 10 nm.135 





Figure 3. 9: Schematic of the different heating method that operates between the sample and 
the probe 135 
 
When the cantilever is in air, heat transfer to the air is dominated by conduction rather 
than convection. However, when a heated cantilever is operated in water, the heat transfers by 
convection.136     
3.3 Experimental model of thermal conductivity measurement 
 
The experimental model of thermal conductivity measurement using SThM is based 
on Joule heat dissipation in the probe-sample system. As soon as the probe makes contact 
with the surface of a sample, the induced electrical power in the probe is relative to the heat 
flux regarding the sample and, consequently, to the sample’s thermal conductivity. The probe 
and probe-sample thermal interface conductance was determined with the aim of measuring 
the sample’s thermal conductivity. Measurement of the SThM included establishing the 
probe’s Joule power relative difference ∆𝑃 𝑃𝑐⁄ =  (𝑃𝑐−𝑃𝑎)/𝑃𝑐, where 𝑃𝑐 and 𝑃𝑎  signify the 
probe’s Joule power when the probe has in and out of contact with the surface of the 
sample.116-117 
In this work, a SThM nanothermal probe that comprises a thin resistive Pd film and 
pads of gold deposited on a silicon nitride (Si3N4) cantilever is employed in the contact mode 
of the AFM in both the active and passive methods of SThM. The tip radius is  ≤ 100 nm 
with a spring constant ~0.45 Nm−1. A calibration method for the SThM probe based on 
international temperature standards was employed. In this method, the benzophenone melting 
point (55 ℃ ) is used as a calibration reference for SThM equipment and the calibration of 
the equipment was undertaken prior to each set of measurements.118 The AFM XE150 from 
Park Systems was mounted with the SThM module used to evaluate the thermal conductivity. 
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A HotDisk thermal conductivity (HDTh) analyser TPS 2500 S was used to compare measured 
thermal conductivity with the values extracted from the SThM. 
A thermal conductance network model shown in Figure 3-7 was used to understand 
the heat flow from probe to sample and to extract the sample equivalent thermal conductance. 
The quantitative relationship between the relative joule heat power and thermal conductance 
















2 are the calculated voltage in and out of contact and 𝐺𝑝, 𝐺𝑠, and 𝐺𝑐 signify 
the thermal conductance of the probe, sample and the contact of the probe-sample. Extracting 
the sample’s thermal conductivity is dependent on determining these parameters carefully.  
3.3.1 The SThM thermal and current calibration  
The SThM in active mode was placed in contact with an ultra-fine thermocouple. The 
ultra-fine thermocouple is Cu-Con, type T (class 1) with an effective temperature 
measurement range of −40 𝑡𝑜 + 300 ℃ with an accuracy of ±0.5 ℃ and probe diameter of 
the < 25 μm. The temperature of the thermal probe was increased to different temperatures 
by applying 𝐼𝑝𝑟𝑜𝑏𝑒. The SThM thermal probe scans the thermocouple surface at a low rate 
scan (0.5 Hz) which lasts for 30 minutes. The generated heat flows to the thermocouple 
through the SThM probe apex and allows measurements of the 𝑇𝑎𝑝𝑒𝑥. The SThM module 
from park systems provides a probe temperature profile image from which 𝑇𝑝𝑟𝑜𝑏𝑒 can be 
extracted.  
It is a simulation based on the variation of the probe’s current as the probe examines 
the surface of the sample. Figure 3-10 shows the measured temperature by the thermocouple 
(𝑇𝑎𝑝𝑒𝑥) at different applied 𝐼𝑝𝑟𝑜𝑏𝑒 of the SThM along with the extracted 𝑇𝑝𝑟𝑜𝑏𝑒. There is a 
difference in the measured 𝑇𝑎𝑝𝑒𝑥 and 𝑇𝑝𝑟𝑜𝑏𝑒 for the applied 𝐼𝑝𝑟𝑜𝑏𝑒 to the SThM thermal probe. 
The generated heat conduct through the probe apex to the thermocouple and it is appropriate 




Figure 3. 10: 𝑻𝒑𝒓𝒐𝒃𝒆 and 𝑻𝒂𝒑𝒆𝒙 measurement of the SThM thermal probe at different driven 
current   
 
Figure 3-11 shows the probe temperature profile, probe current and the surface 
topography of the thermocouple. 
 
Figure 3. 11: SThM (a) 𝑻𝒑𝒓𝒐𝒃𝒆, (b) topographical measurement and (c) 𝑰𝒑𝒓𝒐𝒃𝒆of the heating 
stage 
 
To validate the measured 𝑇𝑎𝑝𝑒𝑥, the SThM in passive mode has been used in 
conjunction with a Peltier heater temperature controller. The SThM thermal probe was placed 
in contact with a Peltier heater at different temperatures and 𝐼𝑝𝑟𝑜𝑏𝑒 of the thermal probe has 
been measured. In Figure 3-12, the 𝐼𝑝𝑟𝑜𝑏𝑒 increases linearly with temperature. However, at 
temperatures higher than 500 K of the heating stage, for a small change in the heating stage 
temperature, the probe current will change considerably. The scanning of the heater phase at 
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different temperatures was completed at low scan rate (0.5 Hz) to permit the tip to achieve 
thermal equilibrium with the heater surface. The measured 𝐼𝑝𝑟𝑜𝑏𝑒 for a given heating 
temperature are in accordance with the correspondent 𝑇𝑎𝑝𝑒𝑥 at the applied 𝐼𝑝𝑟𝑜𝑏𝑒 in active 
mode of the SThM thermal probe.  
 
Figure 3. 12: SThM 𝑰𝒑𝒓𝒐𝒃𝒆measurements of the Peltier heating stage in active mode 
 
3.3.2 Determining the mean probe temperature (𝑻𝒑𝒓𝒐𝒃𝒆) and probe apex 
temperature (𝑻𝒂𝒑𝒆𝒙)  
𝐺𝑝 is defined as the ratio of dissipated electrical power in the probe (𝑃𝑝) and its 
temperature rise and is given by the relationship:  
 






    Equation 3. 10 
 
In this equation 𝑃𝑝 and 𝑇𝑎 are the Joule heating generated by the movement of the 
electric current (𝐼𝑝𝑟𝑜𝑏𝑒) by way of the probe and the ambient temperature respectively. 𝑅 is 
electrical resistance of the probe that is measured using a Keysight 34420A Micro-Ohm meter 
and verified using the manufacturer’s specified value.  
To measure 𝐺𝑝, the SThM probe was placed in contact with a very low thermal 
conductivity material. Silica aerogel was used because it has sufficiently low thermal 
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conductivity, whereby the heat transfer from the thermal probe to the sample is exceedingly 
low. The SThM thermal probe was positioned in contact with the surface of the silica aerogel 
in passive mode and the 𝑇𝑝𝑟𝑜𝑏𝑒 was measured for an applied 𝐼𝑝𝑟𝑜𝑏𝑒. The relationship is shown 
in Figure 3-13.  𝑇𝑝𝑟𝑜𝑏𝑒 increases linearly with 𝐼𝑝𝑟𝑜𝑏𝑒 up to 0.6 𝑚𝐴. However, by 𝐼𝑝𝑟𝑜𝑏𝑒 =
1.8 mA the 𝑇𝑝𝑟𝑜𝑏𝑒 is in a steady state and no further change in 𝑇𝑝𝑟𝑜𝑏𝑒. Figure 3-14 shows the 
SThM  𝑇𝑝𝑟𝑜𝑏𝑒 of the silica aerogel doped with NiNPs at concentration of 700 ppm. The bright 
dots are NiNPs clusters. The measured joule power (P𝑝) and temperature difference (∆𝑇) used 
to extract the 𝐺𝑝 using equation 2. 
 
Figure 3. 13: Variation of the SThM thermal temperature 𝑻𝒑𝒓𝒐𝒃𝒆 of the silica aerogel sample 
 
3.3.3 Determining the SThM probe thermal contact conductance (𝑮𝒄) 
The SThM probe thermal contact conductance (𝐺𝑐) is obtained by measuring the 
probe’s temperature when it makes contact with a high thermal conductivity material (𝜆𝑠) at a 



















2 are the measured probe electrical current in and out of contact. The 
temperature of the sample is controlled and fixed at a temperature close to ambient 
temperature, while the heated SThM probe is placed in contact with its top surface. The 
measured  𝐺𝑝 from the previous stage (section 3.3.2) based on 𝑇𝑎𝑝𝑒𝑥 is used to extract 𝐺𝑐. 
Specific precautions must be considered, as contact conductance depends on parameters like 
surface roughness.119 Simultaneous scanning was carried out on samples of bulk silver and 





The measured values of 𝐺𝑐 are compared with the predicted value of 𝐺𝑐 according to 








      Equation 3. 12 
 
where 𝑎 is the diameter of the point of contact with a diameter of 100 nm for a contact force 
of 0.45 𝑛𝑁, and it is estimated to be 100 nm due to coating with 5 nm/140 nm NiCr/Au on 
top of the SThM probe tip. The 𝑘𝑡𝑖𝑝  (11.3 Wm
−1K−1 for NiCr) and 𝑘𝑠 (29 Wm
−1K−1) for 
silicon nitride as well as the thermal conductivities of the tip and the cantilever base 
respectively and 𝜃 (34°) is the half-angle of the conical tip, according to the manufacturer’s 
specifications.  
Heat transfer between the sample and the probe not only occurs via solid-to-solid 
contact but also through thermal radiation and water meniscus.113 
𝐺𝑐 = 𝐺𝑠𝑜𝑙𝑖𝑑−𝑠𝑜𝑙𝑖𝑑 + 𝐺𝑙𝑖𝑞𝑢𝑖𝑑−𝑠𝑜𝑙𝑖𝑑 + 𝐺𝑎𝑖𝑟−𝑠𝑜𝑙𝑖𝑑   Equation 3. 13 
 
Thermal radiation (air-solid) in SThM measurements is derived from the difference 
between 𝑇𝑝𝑟𝑜𝑏𝑒 and 𝑇𝑡𝑖𝑝. Thermal conductance owing to a water meniscus at the-tip-sample 
contact has been reported,120 although at high temperatures the water starts to evaporate, and 
the liquid-to-solid thermal conductance can be neglected.  
3.3.4 Determining the sample thermal conductance (𝑮𝒔) 
The parameters identified in the previous steps (section 3.3.2 and 3.3.3) are used to 
identify the sample thermal conductance 𝐺𝑠. The heat flow via contact of diameter 𝑎 on a 
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planar bulk sample with thermal conductivity of 𝜆𝑠𝑎𝑚𝑝𝑙𝑒 can be approximated by an semi-
spherical geometry, associated with thermal conductance as follows:120  
𝐺𝑆 =  2.776 𝜆𝑠𝑎𝑚𝑝𝑙𝑒 𝑎      Equation 3. 14 
 
3.4 Extracting  𝑻𝒂𝒑𝒆𝒙 and 𝑻𝒑𝒓𝒐𝒃𝒆 from the thermal probe 
 
The SThM in active mode in contact with an ultra-fine thermocouple is used to 
measure the 𝑇𝑎𝑝𝑒𝑥.  The generated heat in the SThM caused by 𝐼𝑃𝑟𝑜𝑏𝑒 conduct to the 
thermocouple through the probe apex. The SThM probe was scanned using very slow scan 
rate (0.5 Hz) for 30 minutes to allow the thermocouple and probe apex to be thermal 
equilibrium. 𝑇𝑝𝑟𝑜𝑏𝑒 was extracted from the probe temperature profile provided by the SThM 
module. Figure 3-10 shows 𝑇𝑝𝑟𝑜𝑏𝑒 and 𝑇𝑎𝑝𝑒𝑥 when the SThM is in contact with a 
thermocouple with an applied 𝐼𝑃𝑟𝑜𝑏𝑒. At lower 𝐼𝑃𝑟𝑜𝑏𝑒, the 𝑇𝑎𝑝𝑒𝑥 and 𝑇𝑝𝑟𝑜𝑏𝑒 are almost at the 
same temperature and then the temperature difference is increased as 𝐼𝑃𝑟𝑜𝑏𝑒 increased. For 
𝐼𝑃𝑟𝑜𝑏𝑒 = 0.1 mA the difference between  𝑇𝑎𝑝𝑒𝑥 and 𝑇𝑝𝑟𝑜𝑏𝑒 is 1.025, whereas at 𝐼𝑃𝑟𝑜𝑏𝑒 =
2.3 mA the difference between the 𝑇𝑎𝑝𝑒𝑥 and 𝑇𝑝𝑟𝑜𝑏𝑒 is 1.30. Figure 3-11 presents the variation 
in the 𝐼𝑃𝑟𝑜𝑏𝑒, thermocouple topographical image and probe temperature. For 𝐼𝑃𝑟𝑜𝑏𝑒 =
1.44 mA, 𝑇𝑝𝑟𝑜𝑏𝑒 = 413 K has been extracted from the probe temperature profile in Figure 3-
11. The thermocouple surface roughness confirms beneficial contact between the SThM 
thermal probe and the top surface of the thermocouple as the RMS surface roughness of the 
thermocouple is less than 3nm.     
The 𝑇𝑎𝑝𝑒𝑥 results were validated with the SThM probe in passive mode in conjunction 
with the Peltier heater stage. The Peltier heating stage set in different temperature and the 
𝐼𝑃𝑟𝑜𝑏𝑒 of the SThM thermal probe has measured. Figure 3-12 shows the measured 𝐼𝑃𝑟𝑜𝑏𝑒 of 
the SThM probe and heating stage temperatures. The SThM probe current has increased 
linearly as temperature increases. However, at a temperature above 520K, the probe current is 
more sensitive to temperature increase. The measured 𝐼𝑃𝑟𝑜𝑏𝑒 for the given temperature is in 
good agreement with the measured temperature and probe current of the SThM in active 
mode in contact with an ultra-fine thermocouple.  
The SThM in active mode placed in contact with a silica aerogel sample doped with 
nickel nanoparticles at a concentration of 700 ppm. The silica aerogel sample with extreme 
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low thermal conductivity was used with the intention of minimising the heat transfer between 
the SThM probe and sample. Thermal conductivity of  0.020 Wm−1K−1 was noted for silica 
aerogel. Figure 3-13 shows the 𝑇𝑝𝑟𝑜𝑏𝑒 for the given 𝐼𝑃𝑟𝑜𝑏𝑒. The 𝑇𝑝𝑟𝑜𝑏𝑒 has increased linearly 
with 𝐼𝑃𝑟𝑜𝑏𝑒 , however at higher 𝐼𝑃𝑟𝑜𝑏𝑒 there is a small variation in 𝑇𝑝𝑟𝑜𝑏𝑒 as the 𝐼𝑃𝑟𝑜𝑏𝑒 
increases.  
Figure 3-14 shows the variation of the 𝑇𝑝𝑟𝑜𝑏𝑒 of the silica sample at 𝐼𝑃𝑟𝑜𝑏𝑒 = 1.2 mA. 
The yellow colour is the nickel nanoparticle clusters, whereas the red colour is silica aerogel. 
𝐺𝑝 has been extracted using Equation 3-10 for the given 𝐼𝑃𝑟𝑜𝑏𝑒 and measured  𝑇𝑝𝑟𝑜𝑏𝑒. The 
corresponding 𝑇𝑎𝑝𝑒𝑥 for the measured 𝑇𝑝𝑟𝑜𝑏𝑒 has been extracted from Figure 3-10. 
 
Figure 3. 14: SThM image of the silica aerogel doped with NiNPs  
Silica aerogel has extreme low thermal conductivity and it has used to measure 𝐼𝑝𝑟𝑜𝑏𝑒 
and extract 𝑇𝑝𝑟𝑜𝑏𝑒. This allows to determine the 𝑇𝑝𝑟𝑜𝑏𝑒 at different temperatures rather than 
only at room temperature. The measured 𝑇𝑝𝑟𝑜𝑏𝑒  has compared with 𝑇𝑎𝑝𝑒𝑥 measured with the 
thermal probe when it is in contact with an ultra-fine thermocouple. 
   
3.5 Extracting the 𝑮𝒑 and 𝑮𝒄 thermal conductance 
 
𝐺𝑝 is extracted based on Equation 2 for 𝑇𝑎𝑝𝑒𝑥 and is plotted in figure 3-15. At lower 
𝐼𝑝𝑟𝑜𝑏𝑒, 𝐺𝑝 is almost the same for both 𝑇𝑝𝑟𝑜𝑏𝑒 and 𝑇𝑎𝑝𝑒𝑥. However, at higher 𝐼𝑝𝑟𝑜𝑏𝑒 there is 
almost an order of magnitude difference observed in values of 𝐺𝑝. The values of 
6.18 × 10−4 WK−1 and 1.27 × 10−3 WK−1 has been extracted for 𝐺𝑝 for both 𝑇𝑎𝑝𝑒𝑥 
and 𝑇𝑝𝑟𝑜𝑏𝑒 respectively at an applied 𝐼𝑝𝑟𝑜𝑏𝑒 = 2.1 mA. This deviation in measurements 
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originates from the difference in 𝑇𝑎𝑝𝑒𝑥 compared with 𝑇𝑝𝑟𝑜𝑏𝑒. Any variation in 𝐺𝑝 must be 
considered to measure the heat flow mechanisms between the probe and the sample. The heat 
generated in the SThM probe flows to the substrate either by solid-to-solid contact (probe 
apex) or through the probe legs by air conduction and thermal radiation. The temperature 
difference between 𝑇𝑝𝑟𝑜𝑏𝑒 and 𝑇𝑎𝑝𝑒𝑥 in the SThM thermal probe could be used to determine 
the amount of heat generated and flow to the substrate by air conduction and thermal 
radiation. Figure 3-10 shows that approximately 40% of the total heat generated in the probe 
flows to the substrate through air conduction and thermal radiation mechanisms. Roughly 
60% of the heat generated flows to the substrate through probe-to-sample contact. This expect 
to be due to changes in the probe’s apex thermal conductivity with increasing temperature.  
Given that the majority of the heat generated in the probe emanates from the tip to the 
sample, it is appropriate to consider that 𝑇𝑎𝑝𝑒𝑥 is the temperature of the probe contact point 
with the sample. Considering the extracted 𝐺𝑝, the 𝐺𝑐 is measured by way of Equation 3-11 
and outlined in Figure 3-15.  
 
Figure 3. 15: Variation of the probe conductance (𝑮𝒑) and (𝑮𝒄) as a function of the probe 
temperature (𝑻𝒂𝒑𝒆𝒙) 
 
The value 𝐺𝑐 exhibits a smaller change compared with 𝐺𝑝. The 𝐺𝑐 values of  
1.17 × 10−6WK−1 and  1.19 × 10−6WK−1 has measured at 𝑇𝑎𝑝𝑒𝑥 = 460 K for Ag and Cu 
respectively. 
 A value for liquid-to-solid conductance of around ≈ 2 × 10−7WK−1 has been 
reported in the case of a nanothermal probe.13 The water meniscus has almost vanished at 
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temperature above 373 K and therefore it can be assumed that thermal conduction through the 
liquid to solid is negligible. However, at lower temperature the thermal conduction through 
the liquid to solid has to be taken to the account. The estimated value of the 𝐺𝑐 according to 
classical theory is in the range of 10−7WK−1, which is in good accordance with the measured 
value. The measured 𝐺𝑐 value is noted to be consistent owing to the coherence of the high 
thermal conductivity data. 
3.6 Extracting the 𝑮𝒔 thermal conductance  
 
The identified parameters are applied in order to examine the thermal conductivity of 
the silica aerogel doped with nickel nanoparticles at 700ppm. The SThM thermal probe 
enables the metal contents to distinguish from the silica aerogel since they have different 
thermal conductivity. Both topographical and thermal images for the top surface of the sample 
were simultaneously gathered. The SThM measurements were attained by way of the same 
experimental atmospheric conditions at room temperature, excepting the number of pixels 
creating the images used to improve image resolution.  Thermal images measuring at 
5 μm × 5 μm are presented in Figure 3-14 for silica aerogel. In order to reduce uncertainty in 
the measurements; they were undertaken on six different locations on the sample. Every 
single scan lasted approximately 30 min and is composed of 256 × 256 pixels, while the 
changing scanning rate improved the uncertainty concerning the SThM measurements.                                                                                                                                                                                                                                                                                                                                                               
The SThM voltages 𝑉𝑐
2 and 𝑉𝑜
2 were measured when the thermal probe was in contact 
with the top surface of the silica aerogel and in the air. The identified 𝐺𝑝and 𝐺𝑐 was 
substituted in Equation 3-9 and 𝐺𝑠 was extracted. The thermal conductivity (𝜆𝑠𝑎𝑚𝑝𝑙𝑒) was 
extracted using 𝐺𝑐 in Equation 3-14. Temperature dependent thermal conductivity 
measurements using SThM is presented in Figure 3-11 when the 𝑇𝑎𝑝𝑒𝑥 and 𝑇𝑝𝑟𝑜𝑏𝑒 
measurements were used to extract the 𝐺𝑝. Median values of thermal conductivity is 
30 × 10−3 Wm−1K−1 at room temperature for 𝑇𝑎𝑝𝑒𝑥 and 𝑇𝑝𝑟𝑜𝑏𝑒. The median values of the 
thermal conductivity are 43 × 10−3 Wm−1K−1 and 45 × 10−3 Wm−1K−1 at 410 K for 𝑇𝑎𝑝𝑒𝑥 
and 𝑇𝑝𝑟𝑜𝑏𝑒 respectively. There is almost 5% difference in thermal conductivity measurements 
when the  𝑇𝑎𝑝𝑒𝑥 and 𝑇𝑝𝑟𝑜𝑏𝑒 are considered. This is due to the temperature difference in the 
SThM thermal probe compared with the probe apex.   
The measured thermal conductivity was then compared with measurements using a 
HotDisk analyser. There is a good agreement in the thermal conductivity measurement using 
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the HotDisk analyser and SThM. The median value of thermal conductivity is 
30 × 10−3 Wm−1K−1 at 300 K for silica aerogel doped with NiNPs at a concentration of 
700ppm using the HotDisk analyser.   
3.6.1 Submicron Thermal analysis using SThM  
Measuring thermal conductivity using the SThM allows the investigation of thermal 
conductivity in the sub-micron scales. The SThM enables independent contributions to 
thermal conductivity to be investigated, seeing as the dimensions of the probe are comparable 
to the average free path of the material examined. Therefore, the measured thermal 
conductivity utilising SThM can be presumed to be intrinsic thermal conductivity. 
Additionally, the total thermal conductivity is a combination of the electronic and lattice 
components. The thermal conductivity of the copper material in the heating phase was applied 
to examine the essential and electronic thermal conductivity measurement via the SThM. A 
thermal conductivity of ~25 − 32 Wm−1K−1 at room temperature has been found for copper 
using SThM measurement. The four-point probe station in Keithley 4200A-SCS Parameter 
Analyser has been used to measure the electrical resistivity of the copper. The value of 
1.68 × 10−8Ωm was measured and used to calculate the electronic thermal conductivity. The 
value of 435 Wm−1K−1 was extracted for the electronic part of the thermal conductivity of 
copper material. The calculated electronic thermal conductivity in conjunction with the 
thermal conductivity measurement using SThM is ~460 − 467 Wm−1K−1, which is in good 
agreement with the value of the thermal conductivity ~471 Wm−1K−1 provided by the 
manufacturer.  
3.6.2 Thermal conductivity of the NiNP clusters  
SThM enables the thermal conductivity of NiNP clusters and silica aerogel to be 
measured separately. The silica aerogel and nickel nanoparticle clusters are distinct in the 
SThM thermal image in the Figure 3-14 as the thermal conductivity of the nickel and silica 
aerogel is different. At room temperature (T = 300 K), the thermal conductivity of bulk nickel 
is 90.0 Wm−1K−1.123 A mean thermal conductivity of 16.0 Wm−1K−1 is extracted for the 
NiNP cluster using SThM. The measured thermal conductivity agrees fully with the 
calculated thermal conductivity using nonequilibrium molecular dynamics (NEMD).123 The 
results show that the thermal conductivity has reduced with the compact size of the nickel to 
nanoscale dimensions due to a reduction of the phonon mean free path. 
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3.6.3 Silicon thermal conductivity measurement 
SThM was applied to bulk silicon material to determine the thermal conductivity and 
the results compared with the thermal measurements using the Raman temperature 
spectroscopy technique. Silicon material thermal properties are known and is well 
characterised. Figure 3-16 shows the thermal image and topography image of the silicon 
material surface using SThM.  
 
 
Figure 3. 16: Thermal (left) and topography (right) image of the silicon sample 
 
The silicon wafer was cut and measured by Raman spectroscopy. Dimensions of the 
silicon sample is 1 cm × 1cm in length and width respectively. The thickness was 525 𝜇𝑚. 
The silicon sample was mounted on a heating stage to evaluate the thermal properties at 
various temperatures.  
The Raman peak positions of the silicon sample and also the peaks at different 
temperatures are shown in Figure 3-17. The correlation between the Raman peak position and 




Figure 3. 17: Raman spectra and peak position of the silicon sample at various temperatures 
 
Figure 3. 18: Raman peak position vs the temperature of the silicon sample at a low laser 
power P=1.8mW 
 
Figure 3-18 specifies a near linear correlation between the Raman peak positions and 
the temperature of the silicon sample. Moreover, as the temperature rises, the Raman peak 
position declines. 
The thermal conductivity measurements using SThM and Raman spectroscopy are 
shown in Figure 3-19. There is agreement in thermal conductivity by the two measurement 
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techniques. However, the thermal conductivity measurement using Raman spectroscopy is 
slightly higher than that measured by SThM technique. This could be attributed to additional 
heat induced by the laser power during the thermal conductivity measurement. 
 
Figure 3. 19: Thermal conductivity measurements of silicon using SThM and Raman 
spectroscopy 
3.7 An approach to measure seebeck coefficient using SThM thermal probe 
 
In this section, a technique that measures seebeck coefficient within a bulk sample is 
demonstrated. In this technique, a thermal probe that serves as a thermometer in conjunction 
with a Peltier temperature heater is used to measure local thermovoltage. The seebeck 
coefficient has been measured between the thermal probe contact area and the heated region 
of the sample. 
Previous techniques for measuring seebeck coefficient using SThM required a 
considerable amount of sample preparation and were costly and time-consuming, whereas in 
this technique, there is no sample preparation and it is direct measurement. In this technique, a 
resistive nano thermal SThM probe which comprises pads of gold deposited on a silicon 
nitride (Si3N4) cantilever and a thin resistive Pd film is utilised in the contact mode of the 
AFM in the both active and passive modes of the SThM. A calibration method was employed 
for the SThM probe based on international temperature standards. In this method, the 
benzophenone melting point is used as a calibration reference for SThM equipment, while the 
calibration of the equipment was undertaken prior to each set of measurements.123 seebeck 
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coefficient was evaluated using an AFM XE150 from Park Systems instrument scanning 
thermal microscopy (SThM). 
The SThM has employed in two different mode, active and passive mode. Regarding 
the passive mode, the probe acts as a thermometer that can measure the temperature of a 
locally heated place, whereas in active mode, the probe performs as a heater, whereby the 
probe to sample heat exchange can be measured. 
Figure 3-20 illustrates a schematic diagram of the setup of the seebeck coefficient 
measurement. A temperature sensor was embedded in the heating stage to measure its 
temperature. A resistive nano thermal SThM probe which comprises pads of gold deposited 
on a silicon nitride (Si3N4) cantilever and a thin resistive Pd film was utilised in the contact 
mode of the AFM in the passive mode of the SThM. The tip radius is ≤ 100nm with spring 
constant ~0.45 Nm−1. 
 
Figure 3. 20: Schematic diagram of the seebeck coefficient measurement setup 
 
The seebeck coefficient S is defined as the ratio of  𝑆 = ∆𝑉𝑠 ∆𝑇⁄  when an induced 
temperature difference (𝑇 =  𝑇𝑎𝑝𝑒𝑥 − 𝑇𝑠𝑡𝑎𝑔𝑒) gives rise to a seebeck coefficient (𝑉𝑠 =
 𝑉𝑎𝑝𝑒𝑥 − 𝑉𝑠𝑡𝑎𝑔𝑒).
137 
A DC electrical power in the Peltier heating stage raises the temperature of the sample 
(𝑇𝑠𝑡𝑎𝑔𝑒) with a DC voltage (𝑉𝑠𝑡𝑎𝑔𝑒) maintaining the heating stage temperature. 𝑉𝑠𝑡𝑎𝑔𝑒 was 
measured using a digital voltmeter. The sample was polished with a fin grinder to make a 
good contact between the sample and heating stage.  The sample was mounted directly on the 
heating stage for 8 min prior to the measurements. The stage was heated to different 
temperatures while the voltage maintained these temperatures measured using a sensitive 
digital multimeter. Figure 3-21 shows the voltage measured using the digital multimeter at the 
Peltier heating stage as temperature was increased from room temperature up to 370K.  To 
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ensure that the temperature displayed on the temperature controller was like the temperature 
on the heating stage, a highly sensitive thermometer was also attached to the heating stage to 
monitor the temperature. The displayed temperature on the controller was similar to the 
temperature measured by a thermometer. The response is plotted in Figure 3-21.  
 
Figure 3. 21: The relationship between the voltage and temperature of the Peltier heater 
 
The sample was mounted on the heating stage at different temperatures while the 
SThM thermal probe scanned the sample top surface in passive mode and the probe current 
and probe temperature was measured. The corresponding apex temperature (𝑇𝑎𝑝𝑒𝑥) was 
extracted using the apex-probe temperature relationship described in Figure 3-10. The apex 
temperature represents the induced Seebeck temperature. 
   Considering the electrical resistivity of the probe (𝜌0) at the ambient temperature 
𝑇0 = 300 𝐾 and the temperature coefficient of resistance (TCR) of the probe, and then 𝑉𝑝𝑟𝑜𝑏𝑒 
can be written as 𝑉𝑝𝑟𝑜𝑏𝑒 = 𝐼𝑝𝑟𝑜𝑏𝑒 𝜌0 (1 + 𝛼∆𝑇). The probe’s electrical resistance 𝜌0 without 
joule heating was measured using an Agilent 34401A multimeter. The manufacturer stipulates 
that the probe’s TCR must be 0.00165 mK-1, which was established by means of measuring 
the probe’s electrical resistance as a function of temperature yielding the same result. The 
TCR does not change noticeably with temperature, causing a linear relationship between its 
temperature and resistance. The measured 𝐼𝑝𝑟𝑜𝑏𝑒 and 𝑇𝑎𝑝𝑒𝑥 was used to extract the 𝑉𝑝𝑟𝑜𝑏𝑒 
which represent the induced Seebeck voltage. 
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3.7.1 Seebeck coefficient measurement of silicon sample 
The technique was also applied to measure the seebeck coefficient of silicon. The 
silicon wafer was cut  to a 1 cm × 1cm × 525 μm sample. The silicon sample was mounted 
on the heating stage to evaluate the seebeck coefficient at different temperatures. The induced 
temperature and voltage of the silicon sample were measured at various temperatures and the 
value of 𝑇 and 𝑉𝑠 were calculated and the sample seebeck coefficient extracted. Figure 3-
22 shows the seebeck coefficient measurement of the silicon sample at different temperatures. 
The seebeck coefficient increased with temperature, indicating p-type silicon.  
At room temperature, the seebeck coefficient is 200 μVK−1. This is close to the 
measured reported value for this material.32 The silicon sample exhibits a value of 
480 μVK−1at 420 K which shows an increase of 280μVK−1. This agrees with literature at 
elevated temperature.  
 
Figure 3. 22: Seebeck coefficient measurement of silicon 
 
3.8 Conclusion  
 
Experimentally probe and probe-to-sample thermal conductance based on the 
electrical power dissipation in the probe and the sample, and several samples thermal 
conductivity have been measured. The experimental results show the temperature of the 
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SThM thermal probe varies by one order of magnitude that leads to a 5% different in the 
thermal conductivity measurements.   
The SThM enables individual contributions to thermal conductivity to be determined. 
As the dimensions of the SThM probe are at a submicron scale, effective thermal conductivity 
can be ascertained. The intrinsic thermal conductivity of the copper material has been 
examined using SThM. The calculated electronic contribution of the thermal conductivity in 
conjunction with the intrinsic thermal conductivity measurement using the SThM confirm the 
total thermal conductivity of the copper material. 
The SThM allows individual metal content cluster such as nickel nanoparticles, to be 
studied. The thermal conductivity of nickel nanoparticles in silica aerogel has been studied 
and shows that the thermal conductivity of the nanoparticle cluster changes notably compared 
with the bulk nickel.  
A technique to measure the seebeck coefficient using the SThM was proposed. In this 
technique the SThM thermal probe in passive mode in conjunction with a Peltier heater was 
used to measure the temperature and the induced current. Considering the thermal probe 
electrical resistance and probe current the induced seebeck coefficient has been extracted. The 
proposed method has been used to measure the seebeck coefficient of the silicon. The results 



















Thermoelectric characterization of nickel-nanoparticles embedded in silica aerogels 
 
4.1 Introduction  
 
The challenge in creating high-performance thermoelectric materials lies in 
simultaneously achieving high Seebeck coefficients, high electrical conductivity, besides low 
thermal conductivity. These parameters are temperature dependent and are closely associated 
in such a way that by enhancing one parameter the other parameter changes and most often 
deteriorates.140 
Thermal conductivity can be significantly reduced by increasing the number of 
phonons scattering centres within materials.140-143 Phonon scattering inside porous materials 
can be controlled by the porosity because phonons scatter from pore boundaries. Pore size, 
shape and orientation affect thermal conductivity.143-145 The incorporation of nanostructures 
also lowers thermal conductivity and improves the thermoelectric properties by introducing 
phonon scattering centres.141  
Silica aerogel is of interest to thermoelectricity fundamentally and at applied level due 
to its extremely low thermal conductivity (0.017 Wm−1K−1)147-149. Potential applications 
include not only thermal insulation, but also infrared detectors,145 microelectronic devices146 
and in space exploration.147  
The thermal and electrical properties of silica aerogel can be modified by 
incorporating nanomaterials. Metal nanoparticles inserted into the aerogel improve its 
electrical conductivity 148-150 to values relevant to thermoelectric materials and enabling 
potential applications in carbon capture.151  
Investigations of the thermal properties of silica aerogels by the addition of 
nanostructures have been reported.152 The thermal conductivity of a nanowire can be reduced 
substantially by embedding it in an aerogel medium. For instance, the thermal conductivity of 
ZnO nanowires has been diminished by more than a factor of ten in the temperature range of 
150 to 300 K when they were embedded into silica aerogel.152 This reduction of thermal 
conductivity resulted from scattering of ballistic phonons at nanowires boundaries.152 Bi2Te3 
and Bi2−xSbxTe3 aerogels prepared by the sol-gel method have also been synthesised and 
characterised.153 The thermal conductivity was decreased from 1.7 Wm−1K−1 to 
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0.5 Wm−1K−1 for Bi2Te3, while it remained unchanged for Bi2−xSbxTe3.153 However, the 
room temperature thermoelectric power factor, which relates to electrical conductivity, was 
3.3 × 10−4 Wm−1K−2 for  Bi2−xSbxTe3 and 5.0 × 10−4 W m−1K−2  for Bi2Te3.153   
A highly versatile silica sol–gel process has increased the electrical conductivity of Pd 
embedded in silica aerogel by three orders of magnitude.154 This increase results from the 
formation of Pd metallic percolation networks.154 RuO2 nanoparticles similarly generated a 
wired RuO2 network at the surface of silica, with an electrical conductivity as high as 
10−3S cm−1,155 while similarly a porous silica-graphene nanocomposite exhibits a 
conductivity of 0.5 S. cm−1.156 Despite the promising results from the development of these 
materials, their characterisation remains incomplete since several key thermoelectric 
properties have not yet been evaluated. In particular, there are no reports of silica-based 
aerogel materials that provide information on both the thermal and electrical conductivity.  
This chapter describes the characterisation of nickel nanoparticles (NiNPs) embedded 
in silica aerogels at various temperatures with the aim of evaluating key thermoelectric 
properties. Although silica aerogel is not the ideal thermoelectric material, it is being used to 
assess the potential of the material and explore whether characterisation technique work on 
this porous material. Electrical conductivity is studied by four-point probe measurements157 
and by Hall effect equipment, while thermal conductivity is measured by using the Hot Disk 
Transient Plane Source method (with a Hot Disk TPS 2500 S) and with SThM. In this thesis a 
full thermoelectric evaluation of silica-based aerogels with embedded Ni nanoparticles has 
reported. The work shows that by optimising the concentration of NiNPs, a silica aerogel 
composite may be potentially considered as a valuable thermoelectric material. 
4.2 Experimental details 
Silica aerogel materials containing embedded NiNPs were fabricated via the sol-gel 
process and ambient pressure drying.151 The concentrations of NiNPs embedded in silica 
aerogels were 500, 700, 900, and 0 ppm. The sample sizes were prepared into 
0.5 mm × 0.6 mm × 0.1 mm for the length, width and thickness, respectively using a sharp 
scalpel. An average diameter of 40 𝑛𝑚 of NiNPs was established by way of statistical 




Figure 4. 1: TEM image of NiNPs151 
 
The thermoelectric properties of the silica aerogel samples at various temperatures 
have been examined and reported in this chapter, except for the silica aerogel embedded with 
NiNPs at 900 ppm concentration. This is because during the silica gel preparation with 900 
ppm of NiNPs, nickel nanoparticles will collect at the bottom during synthesis and the sample 
did not show any further increase in the NiNPs concentration in the final aerogel product.151 
The electrical resistivity was measured by the van der Pauw method using two 
techniques. Four-point probe measurements were made with a CASCADE 4200SCS probe 
station from Keithley, and a Hall effect system was also used. The benefit of using van der 
Pauw’s technique is that it avoids inaccuracies arising from the sample geometry.157 Four 
small gold contacts were deposited using a thin film deposition system (Kurt Lesker PVD 75) 
on the edges of the samples. The electrical resistivity was measured from ambient temperature 
(300 K) to 423 K under atmospheric conditions. The uniformity of the material was assessed 
in terms of electrical resistivity, thermal conductivity by making multiple measurements on 
each sample.  
Temperature dependent thermal conductivity and Seebeck coefficients in the range of 
300 K to 423 K were also measured using an atomic force microscope (AFM XE150 Park 
Systems) in SThM mode with a heating stage in passive mode. The SThM is based on Joule 
dissipation within the probe-sample system. The SThM experiments were conducted in 
conjunction with a Peltier heating stage controller, which enables the measurement of the 
Seebeck coefficient. The thermal conductivity results were obtained using the Hot Disk 
Transient Plane Source method.  
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4.2.1 Determining error in the test system 
Electrical resistivity measurements were performed using the van der Pauw method on 
the silica aerogel doped with NiNPs at two different concentrations of 500 ppm and 700 ppm. 
The error in the test system was determined by repeating measurements at the same 
place on the surface of the sample without lifting the contact probes. 
 
Figure 4-2:  Electrical resistivity measurements of undoped silica aerogel  
 





Figure 4-4: Electrical resistivity measurements of silica aerogel at a concentration of 
700ppm 
 
Figures 4-2 to 4-4 show that there is no trend in electrical resistivity within the 
repeated measurements. In order to compare the error within the test system between the 
samples having very different values of resistivity, the standard deviation of data / median 
data point for each sample were calculated (Figure 4-5). 
 
Figure 4-5: Standard deviation of data / median data point for silica aerogel doped 
with NiNPs at three different concentrations 
79 
 
Figure 4-5 shows that the Ni-doped samples have less variation than the control. 
However, there is no reason for the test system repeatability (variation) to be larger for Ni-
doped samples compared with silica aerogel. Therefore, the error due to the test system for 
future measurements is considered to be in the range 4-8% of the standard deviation / median 
for all samples. 
4.2.2 Impact of contact resistivity on electrical resistivity measurement  
To determine the effect of the probe contact resistivity on the resistivity 
measurements, three measurements were performed in the same location on the sample after 
lifting and re-contacting the probes on the surface of the sample each time. 
 
 




Figure 4-7: Electrical resistivity measurements of silica aerogel NiNPs at 500 ppm 
 
Figure 4-8: Electrical resistivity measurements of silica aerogel Ni at 700 ppm 
 
Figures 4-6 to 4-8 shows that contact resistance (placing the probes) affects the 




Figure 4-9: Comparison of variation due to the lifting probe for each sample 
 
The variation in resistivity due to replacing the probe is 9-15%. The standard deviation 
of the median as shown in Figure 4-9, is greater than the variation as a result of repeating the 
measurements at the same place without lifting the probes is 4-8%, as shown in Figure 4-5.  
 
4.3 Electrical resistivity measurement 
 
The temperature dependence of electrical resistivity for silica aerogel with NiNPs 
concentrations of 0, 500 and 700 ppm were investigated (see Figure 4.10). Median values of 
electrical resistivity were found to be in the range of  1013,  1010 and 107 Ωm at room 
temperature (300K) for undoped silica aerogel, silica aerogel with 500 ppm NiNPs and silica 




Figure 4-10: The electrical resistivity temperature dependence for silica aerogel at two 
different concentrations (500 and 700 ppm) of NiNPs and pure silica aerogel (0 ppm) using 
two different techniques 
 
The electrical resistivity of silica aerogel is reduced by six orders of magnitude when 
embedded with 700 ppm NiNPs compared with undoped silica aerogel, whereas the silica 
aerogel embedded with 500 ppm NiNPs exhibits three orders of magnitude resistivity 
reduction compared with the undoped silica aerogel. 
The variation in electrical conductivity with weight fractions (Wt%) of NiNPs in silica 
aerogels is shown in Figure 4-11. There is a six orders of magnitude increase in the electrical 
conductivity when the weight fraction of NiNPs in silica aerogels is increased from 0 to 4.9 
Wt%. Electrical conductivities of composite silica samples have been analysed in relation to 
the threshold weight concentration of NiNPs fractions. The scaling law of percolation theory 
was used, 𝜎 ∝ (𝑊 − 𝑊𝑐)
𝑡, where 𝑊 is the weight fraction of the filler, 𝑊𝑐 is a critical weight 
fraction of the filler and 𝜎 is an electrical conductivity.159-160 It should be stated that the 
conductivity exponent, 𝑡, mostly reflects the system’s dimensionality. For example, in carbon 
systems it has a typical value of 1-1.3 and 1.6-2.0 for 2D and 3D, respectively.161 In this 
work, to obtain the best fit values were used for the conductivity exponent of t~ 2.2 for NiNPs  
in aerogels. The insets in Figure 4-11 represent the most appropriate fit for the experimentally 
measured electrical conductivity data as a function of  𝑊 − 𝑊𝑐, stated as a fraction of weight. 
Moreover, this analysis demonstrates a percolation threshold of approximately 0.08-0.1 Wt% 
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for NiNPs in silica aerogels, respectively. The calculated percolation threshold for silica 
aerogels are in good agreement with the reported percolation threshold for silica aerogel 
composites.162 Electrical measurements showed that the additional NiNPs in silica aerogels 
make an effective interaction between fillers and form a conductive percolation network, 
thereby enhancing the electrical conductivity.   
 
Figure 4-11: Variation in electrical conductivity with weight fractions of embedded 
silica at a weight fraction. Inset: variation in electrical conductivity with (𝑊 − 𝑊𝑐), NiNPs 
 
At room temperature, the standard deviations of the median values of nine resistivity 
measurements for the NiNPs aerogel samples were within 5-6% (using four-point probe 
techniques) and 5-7% (using Hall effect equipment). The insignificant variations in electrical 
measurements for all the samples demonstrates that incorporation of NiNPs does not degrade 
material uniformity, which is essential for device-grade material. Figure 4-10 shows that there 
is a small decrease in the resistivity of pure silica aerogels as the temperature increases, 
whereas the aerogels containing NiNPs exhibit a metallic behaviour163, showing an increasing 
resistivity with increasing temperature. The electrical resistivity of silica aerogel embedded 
with 700 ppm NiNPs increases by approximately 250% at 420 K compared with its resistivity 
at 300 K, whereas the increase is approximately 200% for silica aerogel embedded with 500 
ppm NiNPs. The electrical resistivity of pure silica aerogels decreases by 16% at 420 K 
compared with that at 300 K. 
SThM was used to measure the Seebeck coefficient (S) for all silica aerogel samples. 
The Seebeck coefficient was used to extract the sample thermoelectric power factor, 𝑠2𝜎. The 
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Seebeck coefficient of a material is a measure of the extent of the voltage generated regarding 
a temperature change. Median values of room temperature (300 K) Seebeck coefficient almost 
the same for all the samples. It is in the range of 1.824 × 10−3 VK−1 for pure silica aerogel, 
and silica aerogel embedded with 500 ppm NiNPs and 700 ppm NiNPs.  
The standard deviation of the median values of the Seebeck coefficient from nine 
measurement locations of all NiNP samples is within 8-9%, showing good material 
uniformity.  
The thermoelectric power factor of the samples is calculated for different temperatures 
and data are shown in figure 4.12. Figure 4.12 also shows there is a 106 increase in power 
factor due to the increase in NiNP concentration from 0 to 700 ppm, while a 103 increase in 
power factor is observed as the density of the NiNPs increases from 0 to 500 ppm. These 
results confirm previous reports that nanostructuring is a promising method to improve 
thermoelectric properties of materials.164 Nanostructures offer an opportunity to split the 
connection between electrical and thermal transport by establishing new scattering 
mechanisms.164  
 
Figure 4-12: Thermal properties showing the enhancement in power factor compared 






4.4 Thermal conductivity measurement  
 
The thermal conductivity of the samples was measured using SThM and the results 
were validated with a HotDisk analyser. Data for temperature dependent thermal conductivity 
measurements are presented in the figures 4-13 and 4-14 for the NiNPs samples using SThM 
and HotDisk analyser, respectively. There is an excellent agreement between the two 
techniques. At 300 K, the thermal conductivity remains constant as the density of the NiNPs 
increases from 500 ppm to 700 ppm and there is only a slight increase in thermal conductivity 
(5 × 10−3 W.m-1. K-1) compared with the pure silica aerogel. Median values of thermal 
conductivity from nine SThM measurements around the samples are 25 × 10−3 Wm−1K−1, 
30 × 10−3 Wm−1K−1and 30 × 10−3 Wm−1K−1 for the pure silica, silica with 500 ppm 
NiNPs and silica with 700 ppm NiNPs, respectively. The median value of thermal 
conductivity from nine HotDisk analyser measurements are 25 × 10−3 Wm−1K−1, 
29 × 10−3 Wm−1K−1 and 30 × 10−3 Wm−1K−1 for the pure silica, silica with 500 ppm 
NiNPs and silica with 700 ppm NiNPs, respectively. The lower thermal conductivity in the 
NiNPs samples could be due to grain boundary scattering, since the grain boundary scattering 
plays a major role in conductivity decrease as the size approaches the electron mean free 
path.165 
 





Figure 4-14: Thermal conductivity of the silica aerogel embedded with NiNPs samples 
by HotDisk analyser 
 
The thermal conductivity of the pure silica aerogel is in good agreement with values 
reported in the literature.166 The improvement in electrical resistivity by incorporating NiNPs, 
while simultaneously maintaining a low thermal conductivity, demonstrates the huge potential 
of these NiNPs embedded in aerogel as thermoelectric materials.  
The total thermal conductivities of the NiNPs silica composites are a combination of 
lattice and electronic thermal conductivity.167 It is essential to distinguish between the lattice 
and electronic thermal conductivity to understand the role of electrons and phonons in thermal 
conduction. The electronic component of the thermal conductivity 𝑘𝑒 was calculated by the 
Wiedemann-Franz equation, 𝑘𝑒 = 𝐿𝑇 𝜌⁄ , where 𝑇 is temperature and 𝐿 is the Lorentz number, 
𝐿 = 2.44 × 10−8 V2K−2.27 Additionally, the electronic element in relation to the thermal 
conductivity has a negligible effect on the total thermal conductivity, because it is very small, 
of the order of 10−19 Wm−1K−1 in the undoped silica aerogel at 300 K. Therefore, it is 
assumed that the measured thermal conductivity of undoped silica aerogel is a lattice 
(effective) thermal conductivity.  
As the temperature increases from 300 to 420 K in the silica samples, the phonon 
mean free path increases and the lattice vibrations dominate the thermal conductivity. 
Consequently, the thermal conductivity increases and causes a reduction in the Seebeck 
coefficient of both the pure silica aerogel and the silica aerogel embedded with NiNPs. The 
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increase in thermal conductivity at elevated temperatures is substantially larger for the silica 
aerogel embedded with NiNPs than for the pure silica aerogel. This is attributed to radiative 
heat transfer. 168 Heat transfer through radiation takes place in the form of electromagnetic 
waves, which is a consequence of the thermal agitation of the material’s molecules or charged 
particles. For the pure silica aerogel at 420 K, the thermal conductivity is 20% higher than the 
thermal conductivity at 300 K. However, for the silica aerogel embedded with 500 ppm 
NiNPs it is 43% larger than at 300 K, and for the silica aerogel embedded with 700 ppm 
NiNPs, it is 50% larger that at 300 K. At 400 K, the thermal conductivity of silica aerogel 
embedded with 700 ppm NiNPs is increased by 7% compared with the 500 ppm NiNPs silica. 
This increase in thermal conductivity with an increase in temperature is due to the domination 
of lattice vibrations that are responsible for heat conduction. 
Water presence inside the aerogel pores can have effect on thermal conductivity, so 
the thermal conductivity of the silica (700 ppm NiNPs) was measured using SThM, firstly as 
the temperature was increased from 300 to 420 K and then when the temperature was 
decreased from 420 to 300 K. There is a 2 × 10−3 Wm−1K−1 difference in measured thermal 
conductivity at 300 K and a difference of  3 × 10−3 Wm−1K−1  at 410 K. The silica aerogel 
sample was placed in contact with the heating stage for 30 minutes prior to performing the 
measurement to obtain the thermal equilibrium condition. However, the thermal conductivity 
which sweeps at 423 K was completed simultaneously. Figure 4-15 contains the thermal 
conductivity sweep measurement. The change in thermal conductivity measurements is likely 
to be due to the evaporation of water inside the pores when the temperature starts to increase. 
The increased thermal conductivity at higher temperature explains the reduced power factor 




Figure 4-15: Effect of water on thermal conductivity using SThM for silica aerogel 
embedded with 700 ppm NiNPs. 
 
4.5 Thermoelectric figure of merit (ZT) 
 
All measured thermal and electrical parameters have been used to calculate the overall 
ZT (see Figure 4-16). There is an improvement in ZT of 3 and 6 orders of magnitude for silica 
with 500 ppm and 700 ppm NiNPs, respectively, compared with pure silica at room 
temperature (300 K). Room temperature ZT values reached 5.27 × 10−15, 4.8 × 10−12, and 
4.8 × 10−9, for pure silica, silica with 500 ppm NiNPs and silica with 700 ppm NiNPs, 
respectively. The results show that the thermoelectric properties of silica aerogel material can 
be improved further by utilising silica aerogel with an increased NiNP concentration. This 
may decrease electrical resistivity further, thereby enabling this material to become a potential 




Figure 4-16: ZT of the samples at different temperatures  
 
4.6 Conclusion  
 
Embedded NiNPs in silica aerogels at three different concentrations are characterised 
by scanning thermal microscopy, a Hot disk method and four probe measurements to consider 
them as potential thermoelectric materials. NiNPs samples exhibit a 6 orders of magnitude 
improvement when the concentrations are increased from 0 to 700 ppm. The electrical 
resistivity is highly sensitive to the concentration NiNPs in the silica aerogels, while the 
thermal conductivity remains largely unchanged. The electrical conductivity 𝜎 is shown to 
follow a percolation scaling law of the form 𝜎 ∝ (𝑊 − 𝑊𝑐)
𝑡 with critical weight fraction 
(𝑊𝑐) to form a conductive network of approximately 0.08-0.1 Wt% for embedded NiNPs, 
respectively. The preliminary investigation and results suggest that optimising the 














Zn4Sb3 is one of the best thermoelectric materials for operation at room temperature. 
The extremely high ZT value of Zn4Sb3 is due to its low thermal conductivity, as discussed in 
Section 1.8.169-171 The high ZT value combined with the low cost and availability of its raw 
materials make Zn4Sb3 one of most the interesting thermoelectric materials. Its low thermal 
conductivity arises from high levels of interstitials and corresponding local structural 
distortions.172-175 The dimensionless ZT of bulk Zn4Sb3 reaches a values of 1.3 at a 
temperature of approximately 600K which is much higher than that of bulk Bi2Te3 material at 
this temperature.176-178 The ZT of bulk Bi2Te3 decreases with temperature, whereas for bulk 
Zn4Sb3 material, it increases with temperature.
171 Bi2Te3 is one of best room temperature 
thermoelectric materials and it is used widely in thermoelectric generators. The value of ZT 
can be improved either by increasing electrical conductivity (increasing the power factor) or 
by means of reducing the thermal conductivity. Further improvements in thermoelectric 
properties are necessary to increase efficiency in practical applications. Doping is effective in 
improving the ZT value by increasing electrical conductivity and consequently improving the 
power factor. However, it has been established that doping Zn4Sb3 is challenging because it 
decreases the Seebeck coefficient and consequently decreases the power factor.176 Moreover, 
nanostructuring has been noted to be an valuable method in regard to diminishing thermal 
conductivity, while maintaining the electrical properties of thermoelectric materials (see 
Section 1.7).176  Zn4Sb3 nanowires have been reported to have the highest ZT=1.59 as a result 
of the extremely low thermal conductivity of the material.177  
 
In this chapter, a method is shown that can lessen the thermal conductivity of Zn4Sb3 
by employing porosity, consequently improving ZT. The molecular dynamic (MD) simulation 
of Zn4Sb3 demonstrates that nanopores could possibly reduce the thermal conductivity as a 
result of the phonon scattering effect created by the nanopore boundaries.176 The MD study 
indicates that at a porosity of 40%, the ZT value could be increased to 2.32 at room 
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temperature (300K). This enhancement in ZT can increase the efficiency of devices by a 
factor of 14, as discussed in Section 1.6. 
 
Chemical synthesis is one method that can potentially improve the ZT value. Here, a 
chemical solution connects the nanocomposites together so that the material consists of the 
same chemical constituents.179 This can be achieved by using an aerogel. In addition to 
material synthesis, the gel that is attained by means of this specific method offers extra pore-
matter interfaces that will further scatter heat-carrying phonons, causing a reduction in regard 
to the lattice thermal conductivity.179 The thermoelectric characterisation of silica aerogel 
embedded with nickel nanoparticles has been demonstrated in Chapter 4. The silica aerogel 
embedded with nickel nanoparticles exhibits a reduction of six orders of magnitude in 
electrical resistivity compared with pure silica aerogel while thermal conductivity stays 
constant.179-180 This produced the characterisation and synthesis of the thermoelectric 
properties of Zn4Sb3 material embedded in silica aerogel. In this chapter, the thermoelectric 
properties of bulk Zn4Sb3 are first characterised. Then the synthesis and characterisation of 
embedded Zn4Sb3 nanoparticles in porous silica aerogel are described. Finally, a comparison 
is made of the thermoelectric properties of Zn4Sb3 nanoparticles in porous silica aerogel 
compared with those of bulk Zn4Sb3. 
5.2 Silica aerogel preparation  
 
The synthesis of aerogel involves the transition of a system from a liquid ‘sol’ into a 
solid ‘gel’ phase. Sol-gel processing implies one of two techniques. It can be produced in a 
network that is inorganic by way of a chemical reaction in solution at low temperatures. 
Alternatively, it can involve the development of an amorphous network as against 
crystallisation from solution. The sol-gel process can be separated into the following stages; 
forming the solution, gelation, ageing, drying, in addition to densification.181-182 
It is important to note that a sol is a colloidal suspension of solid particles in a liquid, 
which means that the dispersed stage is extremely small (1–1000 nm). It can be made using 
one of the following two techniques: the dispersion of particles or condensation. The 
condensation method includes the nucleation growth of particles to the appropriate size; 
however, dispersion comprises a reduction in the size of much bigger particles down to the 
colloidal dimensions. The size and properties of the subsequent particles is dependent on the 
relative rates of both methods.181-183 
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5.3 Preparation and characterisation of Bulk Zn4Sb3 
 
The synthesis and compaction of bulk Zn4Sb3 was achieved using spark plasma 
sintering (SPS). The bulk Zn4Sb3 synthesised using SPS came from Aarhus University in 
Denmark. In this technique, zinc powder with a purity of 99.99% and grain size of < 45 μm 
was provided by MERCK KGaA. The antimony powder with a purity of 99.5% and grain size 
of < 150 μm has been provided by SIGMA-Aldrich CHEMIE GmbH. They were weighed to 
a molar ratio of 4:3 (Figure 5-1). The SPS instrument uses both temperature and pressure to 
make the Zn4Sb3 bulk. The Zn4Sb3 bulk size is 2 mm in thickness and 2.2 cm in diameter.
184   
 
 
Figure 5. 1: SPS technique used to make bulk Zn4Sb3 
184 
 
 The thermoelectric properties of the bulk Zn4Sb3 were studied using various 
techniques such as the four-probe method and SThM. The electrical resistivity of the sample 
has been measured using the four-point probe and the results compared with Hall-effect 
measurements. The Seebeck coefficient and thermal conductivity were measured using SThM 
and the thermal conductivity values were validated using a HotDisk analyser and Raman 
measurement. The bulk Zn4Sb3 was cut into 2 mm × 2 mm × 2 mm rectangles using a CNC 
wire-cutting machine. This small size enables the sample to be handled more easily using the 
characterisation tool.  
5.3.1 Electrical characterisation of bulk Zn4Sb3  
In order to measure the electrical resistivity of the Zn4Sb3, four gold contacts were 
deposited using e-beam evaporators in the fabrication clean room at the corners of the sample. 
The temperature dependence of electrical resistivity was measured using the four-point probe 
on CASK4200 and the results are displayed in Figure 5.2. The measured electrical resistivity 
data are then compared with Hall-effect measurements. Furthermore, the electrical resistivity 
measurements in relation to the bulk Zn4Sb3 at room temperature are 1.62 × 10−5Ω m and 
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1.65 × 10−5Ω m for the four-point probe and Hall effect technique respectively where the 
difference is statistically significant at room temperature. These results are in good agreement 
with reported electrical resistivity measurements for bulk Zn4Sb3 thermoelectric material.
185 
The median value of electrical resistivity was established to be in the range of 
1.6 × 10−5Ω. m at room temperature. The electrical resistivity increased by 50% as the 
temperature rose from 300K to 420K.  
The electrical resistivity of the sample was analysed against temperature and the 
results are observed to be in good agreement with the reported electrical resistivity of the 
Zn4Sb3 thermoelectric material.
185-186 At increased temperature, the atoms within the Zn4Sb3 
material vibrate more. This vibration prevents the electrons from flowing and they are more 
likely to collide with each other, thus increasing resistance.   
 
Figure 5-2: Electrical resistivity of bulk Zn4Sb3 measured using two techniques at 
various temperatures 
 
A. Analysis material uniformity of bulk Zn4Sb3  
 
To investigate the uniformity of the bulk Zn4Sb3, resistivity was measured in three 
different locations on the sample. The standard deviation of median values at three different 
locations are then plotted. The error bars show small variations in the electrical measurements 
for the sample, suggesting good material uniformity as shown in Figure 5-3. At room 
temperature, the standard deviations of the median values of three resistivity measurements 
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for the bulk Zn4Sb3 sample were between 4-5% using the four-point probe techniques and 
between 5-7% using Hall effect equipment. 
 
Figure 5. 3: Standard deviation of median value at three different locations 
 
B. Impact of contact resistivity on electrical resistivity  
 
In order to determine the effect of the probe contact on the resistivity measurements of 
Zn4Sb3, three measurements were performed in the same location on the sample after lifting 
and re-contacting the probes with the surface of the sample each time. The electrical 
resistivity measurements show that contact resistance due to the placing of the probes affects 
the measured resistivity but there is no consistent trend according to the number of contact 
placements. The variation in resistivity measured due to replacing the probe represents 6-7% 
of the standard deviation of the median value of resistivity. This shows that the change in 
measured resistivity is due to the probes themselves and not the testing system. 
5.3.2 Thermal analysis of bulk Zn4Sb3 
SThM and temperature dependent Raman spectroscopy techniques have been 
employed to determine the thermal conductivity of the bulk Zn4Sb3. SThM has been 
performed on the top surface of the Zn4Sb3. Figure 5-4 shows the thermal (left) and AFM 
images (right) of the Zn4Sb3 at three different locations. The Zn4Sb3 surface was smoothed 
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using a fin grinder for better contact of the SThM cantilever. The AFM data confirmed that 
the RMS surface roughness of the sample was ≈ 50 nm.  
 
 
Figure 5. 4: Typical thermal (left) and AFM (right) images of bulk Zn4Sb3 
The SThM technique described in Chapter 3 was used to extract the thermal 
conductivity of the sample at different temperatures. The measured thermal conductivity was 
compared with values derived using Raman spectroscopy measurements using the device 
described in Chapter 2. The measurement range of the Raman spectrum was 50-4000 cm-1. In 
the experiment, an Ar+-ion laser with a wavelength of 532 nm was utilised. Furthermore, the 
power distribution of the laser beam is Gaussian in nature and possesses an area of 1 μm. The 
sample was heated to temperatures from 300 to 600 K with intervals of 50 K using a heating 
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stage with precision of 1°C, with the aim of calibrating the correlation between the Raman 
peak position and sample temperature. The heating phase was maintained for a period of 10 
minutes at each temperature in order to ensure that the sample was heated. Subsequently, the 
Raman spectrum was attained at each temperature. The acquisition time was 12 seconds and 
the power of the laser was 1.8 mW. Additionally, a low power laser was employed in the 
calibration to ensure that an additional temperature increase was not induced. 
The room temperature Raman peak positions of the Zn4Sb3 sample’s thermoelectric 
bulk are shown in Figure 5-519 and the peaks at different temperatures are shown in Figure 5-
6. The peak at 152 cm-1 which is the Zn4Sb3 phase is disappeared with temperature increase 
whereas the intensity of the peak at 117 cm-1 is reduced with increasing temperature.19 The 
link between the Raman peak position of Zn4Sb3 thermoelectric bulk and temperature could 
then be calibrated, as shown in Figure 5-6. Two peaks are easily observable in the Raman 
spectrum of the Zn4Sb3 as shown in Figure 5-5: one peak at 117 cm
-1 corresponds to the Sb 
phase and the peak at 152 cm-1 to both Sb and Zn4Sb3 phases.
187  
 
Figure 5. 5: Raman peak positions of the bulk Zn4Sb3 phase
19 
 
Figure 5-7 suggests a near linear correlation between the Raman peak positions and 
temperature, with a shift downwards at 152 cm-1 in the Zn4Sb3 thermoelectric bulk, whilst the 
Raman peak position is observed to decline as the temperature increases.187  The equation for 
the trend in Figure 5-7 is 𝑦 = −0.154 𝑥 + 523.63. The error bar in Figure 5-7 corresponds to 
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the variation in the peaks upon repeating the Raman measurements at three different locations 
in the sample.  
 
 
Figure 5. 6: Raman spectra and peak positions of the bulk Zn4Sb3 at different temperatures 
 






A higher-power laser beam with 𝑃 = 9 mW was concentrated on the Zn4Sb3 
thermoelectric bulk at room temperature and the equivalent Raman spectrum attained. The 
ambiguity of the Raman peak position was valued at ±0.25 cm−1 as a result of the resolution 
of the micro-Raman spectroscopy device. The quality of the Raman spectrum could possibly 
be enhanced by ensuring the acquisition time to be longer than 12 seconds, therefore 
permitting the Raman peak position to be achieved accurately. By using the value of the 
Raman peak position produced by high power laser irradiation, the equivalent temperature 
value was determined (Figure 5-7). This equivalent temperature signified the result of local 
heating upon the Zn4Sb3 thermoelectric bulk brought about by means of laser irradiation with 
power 𝑃 = 9 mW. The sample thermal conductivity is extracted using Equation 2-16.  The 
corresponding sample temperature at a laser power of 𝑃 = 9 mW has been extracted using the 
equation of the trend line in Figure 5-7. 
The thermal conductivity measurement data using SThM and Raman spectroscopy are 
shown in Figure 5-8. There is broad agreement in the thermal conductivity between 
measurement techniques. However, the thermal conductivity measurements using Raman 
spectroscopy are slightly higher than those measured by the SThM technique. This could be 
due to additional heat induced by laser power during measurement. 
 






The electronic component of thermal conductivity has been calculated by the 
Wiedemann-Franz Equation 1-13. A value of 0.457 Wm−1K−1 has been extracted at room 
temperature (300K) and this reduced to 0.348 Wm−1K−1 at 400K. At a higher temperature, 
the electronic element of the thermal conductivity is dominant over the lattice thermal 
conductivity. As the size of the SThM thermal tip (< 100 nm) is close to the mean free path 
of electrons, the contribution of the electrons to heat conduction is insignificant, and 
therefore, the calculated thermal conductivity is the lattice thermal conductivity. However, in 
the case of thermal conductivity measurement using Raman spectroscopy, the contribution of 
electrons is not small. This can be observed in the thermal conductivity measurements 
revealed in Figure 5-8, so that the thermal conductivity measurement using Raman 
spectroscopy is total thermal conductivity.   
A. Material uniformity 
 
The uniformity of the bulk Zn4Sb3 has been investigated in three different locations on 
the samples. Figure 5-9 demonstrates the standard deviations of the median values of thermal 
conductivity at three different locations. At room temperature, the standard deviations of the 
median values of thermal conductivity measurements for the bulk Zn4Sb3 sample were within 
7-8% using the SThM techniques and 8-10% using temperature Raman spectroscopy. The 
statistically insignificant variation in thermal conductivity measurements for the sample 




Figure 5. 9: Standard deviations of median values of thermal conductivity measurements for 
bulk Zn4Sb3 
 
B. Effect of surface roughness on thermal characterisation using SThM 
 
To investigate the effect of surface roughness on nanoscale thermal conductivity 
measurements, SThM was performed on a sample before and after being polished with a fin 
grinder. The RMS surface roughness of the unpolished sample was ≈ 1 μm whereas the 
values of surface roughness decreased to ≈ 50 nm in the polished Zn4Sb3 sample. The 
thermal conductivity measurement for the unpolished sample was also lower than that of the 
polished sample. At room temperature, the thermal conductivity of the unpolished sample was 
0.98 Wm−1K−1 whereas for the polished sample it was 1.1 Wm−1K−1. Since the SThM 
probe apex is sized at nanoscale, therefore the thermal characterisation is also at nanoscale. At 
submicron scale, phonon scattering due to the rough surface dominates all of other bulk 
scattering agents such as point defects, dislocations, and grain boundaries. This scattering due 
to surface roughness could cause the reduction in thermal conductivity in the unpolished 
sample.188   
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5.3.3 Seebeck coefficient of bulk Zn4Sb3 
The SThM technique was utilised to measure the Seebeck coefficient of bulk Zn4Sb3. 
The method is explained in Section 3.5. The sample dimensions are 6 𝑚𝑚 × 6 𝑚𝑚 × 2 𝑚𝑚 
in length, width and depth respectively.  The sample was polished to ensure good contact with 
the heating stage and thermal probe. In order to minimise the effect of any sort of 
contamination on the thermal probe contact, the Zn4Sb3 was cleaned with acetone and 
methanol prior to establishing probe contact. The sample was mounted directly on to the 
heating stage and, to make sure the sample was in thermal equilibrium with the heating stage, 
the samples were placed on the heating stage 8 min prior to the SThM measurements. All the 
measurements taken on the sample were performed under the same experimental condition.  
The induced temperature and voltage of the 𝑍𝑛4𝑆𝑏3 thermoelectric sample measured 
at different temperatures and values of 𝑇 and 𝑉𝑠 were calculated and the sample’s seebeck 
coefficient was extracted. Figure 5-10 shows the thermoelectric measurement of the 𝑍𝑛4𝑆𝑏3 
thermoelectric sample. The seebeck coefficient temperature dependence increases as the 
temperature increases above room temperature. Additionally, repeated measurements at 
different locations on the same sample led to a variation of < 0.5% in seebeck coefficient 
measurements. A seebeck coefficient value of 102 μVK−1 was estimated at room temperature. 
The Seebeck measurements are in good agreement with those reported elsewhere for this 
material. At room temperature, a value of Seebeck coefficient 90 μVK−1 for bulk 𝑍𝑛4𝑆𝑏3 has 
been reported.184 This particular value is similar to the measured value of seebeck coefficient 
applying Seebeck microprobe scanning.184 The 𝑍𝑛4𝑆𝑏3 thermoelectric sample given a value 
of 173 μVK−1at 420 K which shows an increase of 71μVK−1.  
The value of the Seebeck coefficient shows an increase with temperature. The Seebeck 
coefficient strongly depends on the Fermi level, which in turn depends on the carrier 
concentration, carrier effective mass, and temperature as shown in Equation 1-8. For bulk 
Zn4Sb3 material with constant carrier concentration, electrical conductivity diminishes with a 
rising temperature (Figure 5-2). The electrical conductivity is thus inversely proportional to 
the Seebeck coefficient. Therefore, the Seebeck coefficient increases by 69% as temperature 




Figure 5. 10: Seebeck measurement of the Zn4Sb3 at various temperatures 
 
5.3.4 Thermoelectric power factor  
The Seebeck coefficient was used to extract the thermoelectric power factor (𝑆2𝜎) 
which is a combination of the Seebeck coefficient and electrical conductivity. It should be 
noted that the value of the power factor at room temperature is 6.5 × 10−4  WmK−2 and thus, 
increased to 1.12 × 10−3 WmK−2 at 420K. The power factor shows an increase with 




Figure 5. 11: Thermoelectric power factor of bulk Zn4Sb3 
 
5.3.5 Thermoelectric figure of merit (ZT)  
The measurements of the thermoelectric parameters have been used to extract the 
value ZT using the equation 𝑍𝑇 = 𝑆2𝜎 𝑇 𝑘⁄ . Figure 5-12 shows an increase in ZT with 
temperature. The measured values are noted to be in good agreement with values reported for 
this material183-184 including a value of ZT=0.17 reported for bulk 𝑍𝑛4𝑆𝑏3 at room 
temperature.184 The bulk Zn4Sb3 exhibits a ZT=0.16 at room temperature this increases up to 




Figure 5. 12: ZT values of bulk Zn4Sb3 against temperature 
 
5.4 Nanostructuring of Undoped Zn4Sb3 by Ball-Milling 
 
The Zn4Sb3 bulk was crushed into powder and ball-milled with a BioSpec 3110BX 
machine made by Mini-BeadBeater. A ball mill is a device that breaks materials into smaller 
pieces by crushing. It works on the principle of impact and attrition. The Zn4Sb3 powder was 
mixed with Zirconium dioxide (ZrO2) with a diameter of 0.02 𝑚𝑚 in a container and shaker 
for approximately 1 min. Ball-mill shaking causes an increase in container temperature. 
Therefore, the container was filled with N2 which prevents the nanoparticles from sticking to 
each other. The container was then centrifuged (6000rpm, 3000 g force) for 5 min in order to 
separate the Zn4Sb3 nanoparticles and ZrO2. Then the separated nanoparticles were left at 
room temperature for some time to dry.  
The size distribution profile of the Zn4Sb3 particles in the ball-milled powders was 
measured using dynamic light scattering (DLS) approaches made by Malvern Zetasizer, by 
suspending the powder particles in ethanol. Ethanol is a versatile solvent, which is 
miscible water with many organic solvents. It can be evaporated under lab atmospheric 
conditions and at room temperature. The structures of the milled powders were characterised 
utilising XRD and TEM. Simple mean particle sizes were determined by measuring the full 
width at half maximum (FWHM) of the diffraction peaks in XRD using OriginPro data 
analysis software.  
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Figure 5-13 shows the average size distribution profile obtained frequently from up to 
6 h of powder ball milling.  
 
Figure 5. 13: Average size distribution profile of the Zn4Sb3 nanoparticles obtained by DLS 
TEM has been performed on the Zn4Sb3 nanoparticles in order to measure the particle 
sizes. Figure 5-14 shows TEM images obtained for the Zn4Sb3. 
 
 
Figure 5. 14: TEM images of the Zn4Sb3 nanoparticles 
The average size of nanoparticles after 10 measurements obtained using TEM is in the 
order of 110 nm. The TEM was performed after 6 hours. The size distribution of Zn4Sb3 
nanoparticles are presented in Figure 5-15. The DLS values are lower than the values 
measured by XRD and TEM by 20 nm. The mixtures size distribution and presence of 
dispersants induced error to DLS sizing measurement. Measuring the particle size with DLS 




Figure 5. 15: Average nanoparticle diameter measured using TEM and XRD 
 
XRD diffraction has also been performed on the Zn4Sb3 in order to confirm the purity 
of the nanoparticles. The size of Zn4Sb3 nanoparticles was also determined using peak 
FWHM. The XRD has been performed before and after ball-milling. Figure 5-16a shows the 
main phase of the Zn4Sb3 powder. The main phase has been compared with the Zn4Sb3 
spectrum in the datasheet to confirm the peak position in Figure 5.16b. The XRD analysis of 
the powders identified the main phase of the Zn4Sb3 and confirm the purity of the material 




Figure 5. 16: (a) X-ray diffraction pattern of the Zn4Sb3 nanoparticles (b) Zn4Sb3 nanoparticles 
peak list 
 
Scherrer’s equation (𝜏 = 𝐾𝜆/𝛽𝑐𝑜𝑠𝜃) was used to determine the size of Zn4Sb3 
nanoparticles in the form of powder. In Scherrer’s equation,  𝜏 is the mean size of the 
particles, 𝐾 is a dimensionless shape factor that has a representative value of in the region of 
0.9, 𝜆 is the X-ray wavelength at 0.15406 nm, 𝛽 is the line broadening at half the maximum 
intensity (FWHM), whilst 𝜃 is the Bragg angle. The peak position and FWHM has been 
determined from XRD data using the OriginPro data analysis. The extracted data has been put 
in Scherrer’s equation for the calculation of crystallites size.  Table 5-1 shows the results from 












5.5 Zn4Sb3 nanoparticles Embedded in silica aerogel 
 
The thermoelectric characterisation of silica aerogel was discussed in detail in Chapter 
4. Aerogel was prepared as described in sections 2.4-2.5. The same approach was used to 
synthesise the nickel nanoparticles implanted in silica aerogel, as Chapter 4 describes. Then it 
is used to synthesise the Zn4Sb3 nanoparticles embedded in silica aerogel.  
Silica gels were made by way of the hydrolysis of the precursor tetraethoxysilane 
(TEOS) (98%), ethanol (≥ 99.8%) and de-ionised water with a 2:38:33 molar ratio of 
TEOS:ethanol:water. Furthermore, 2 ml of Zn4Sb3 nanoparticle suspension and 33 ml 
precursor were utilised with 1 ml of catalyst, which is a mixture of ammonium hydroxide (28-
30%), ammonium fluoride (≥ 98%) and de-ionised water with a 1:8:111 molar ratio of 
NH4F:NH4OH:H2O, which is employed to speed up the gelation process. These compounds 
were utilised without any additional purification. Zn4Sb3 nanoparticles were spread in 
deionised water by way of ultrasonication made by Sonopuls Bandelin in order to attain 
Zn4Sb3 nanoparticle suspensions. Ultrasonication process helps to disperse the nanoparticles 
in the solution.181  
The Zn4Sb3 nanoparticle gel was removed and placed in 500 ml of ethanol to be 
cleansed and aged for 24 hours. The cleansing/ageing solvent was subsequently replaced by 
250 ml of ethanol. After 24 hours, the solvent was swapped with 250 ml of hexane. This 
procedure was performed three times. Next, the gel was dried out at an ambient temperature 
for a period of 48 hours. 
 
5.6 Thermoelectric properties of Zn4Sb3 nanoparticles embedded in silica 
aerogel 
 
The thermoelectric characterisation of the Zn4Sb3 nanoparticles embedded in silica 
aerogel sample has been carried out using various techniques.189-191 The electrical properties 
of the sample were measured using four-probe measurements via Hall effect equipment and 
CASCADE 4200. These techniques are described in Chapter 3. The thermal properties were 
investigated using SThM and a HotDisk analyser. The sample was cut into a rectangular 
shape with dimensions of 1cm × 1cm × 0.5cm.  
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5.6.1 Electrical resistivity measurement  
The measurement of electrical resistivity has been performed on the Zn4Sb3 embedded 
in silica aerogel sample at different temperatures. Four conductive contacts were coated using 
a nickel screening compound from Electrolube (THE SOLUTIONS PEOPLE) with a surface 
resistivity of 0.1 Ω/□ on the four corners of the sample.  
The results for electrical resistivity at different temperatures using both techniques are 
shown in Figure 5-17. At room temperature electrical resistivities of 1.2 × 1010 Ω m and 
2.6 × 1010 Ω m were measured using the four-point probe and Hall effect methods 
respectively.   
 
Figure 5. 17: Electrical resistivity measurements of the Zn4Sb3 embedded in silica aerogel 
sample at different temperatures 
 
The sample’s electrical resistivity improved with rising temperature. The electrical 
resistivity of the Zn4Sb3 nanoparticles embedded in silica aerogel increased by 16 orders of 
magnitude compared with Zn4Sb3 bulk. The electrical resistivity of pure silica aerogel has 
been reduced by 3 orders of magnitudes when the silica aerogel was embedded with 
thermoelectric Zn4Sb3 nanoparticles. Figure 5-20 shows the electrical resistivity of pure silica 
aerogel, bulk Zn4Sb3 and Zn4Sb3 nanoparticles embedded in silica aerogel at 300 K and 420 
K. The increase in electrical resistivity will weaken the power factor and consequently 




Figure 5. 18: Electrical resistivity of pure silica aerogel, bulk Zn4Sb3 and Zn4Sb3 nanoparticles 
embedded in silica aerogel at 300 K and 420 K 
 
To investigate the material’s uniformity, resistivity was measured in three different 
locations on the samples. Figure 5-19 shows the standard deviations of the median values of 
electrical resistivity for bulk Zn4Sb3 nanoparticles embedded in silica aerogel material. At 
room temperature, the standard deviations of the median values of nine resistivity 
measurements for the Zn4Sb3 nanoparticles embedded in silica aerogel bulk sample were 
within 6-8% using the four-point probe techniques and 9-11% using Hall effect equipment. 
The statistically insignificant variations in electrical measurements for the samples 
demonstrate the material’s uniformity, which is essential for device-grade material. 
 
Figure 5. 19: Standard deviations of median values at three different location 
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5.6.2 Thermal analysis of the Zn4Sb3 nanoparticles embedded in silica aerogel  
The thermal conductivity of the Zn4Sb3 inserted in silica aerogel was determined using 
SThM. The measured values of thermal conductivity were compared with the values given by 





Figure 5. 20: The topographical image (right) and temperature (left) of the Zn4Sb3 embedded 




In Figure 5-20 the topographical images (right) and temperature scans (left) of the 
Zn4Sb3 embedded in silica aerogel sample at three different locations on the sample is shown. 
The yellow spots on the thermal image are Zn4Sb3 nanoparticle clusters.  
Figure 5-21 shows the thermal conductivity measurements using both techniques. 
 
Figure 5. 21: Thermal conductivity measurements of the Zn4Sb3 inserted in the silica aerogel 
sample at various temperatures 
 
The thermal conductivity of the Zn4Sb3 embedded in the silica aerogel sample is 
reduced significantly compared with that of the bulk Zn4Sb3 as shown in Figure 5-22. A 
thermal conductivity value of 1.1 Wm-1 K-1 was measured using SThM for the Zn4Sb3 bulk at 
room temperature, whereas the thermal conductivity of Zn4Sb3 embedded in silica aerogel 
was 0.030 Wm-1K-1 at room temperature. The thermal conductivity measurements of the 
Zn4Sb3 embedded in silica aerogel are very similar to the measurements for silica aerogel. 
From the thermal conductivity measurements, it is clear that the Zn4Sb3 embedded in silica 
aerogel behaves as a thermal insulator.  
The thermal conductivity of embedded Zn4Sb3 increased with temperature compared 
with bulk Zn4Sb3. As the temperature increased from 300 to 420 K in the silica samples, the 
phonon mean free path increased and the lattice vibrations dominated the thermal 
conductivity. Consequently, the thermal conductivity increased. Figure 5-22 reveals that the 
thermal conductivity of embedded Zn4Sb3 increased compared with that of pure silica aerogel. 
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Figure 5-22 shows that the impact of the Zn4Sb3 nanoparticles to thermal conductivity is 
exceedingly slight.   
 
Figure 5. 22: Thermal conductivity of pure silica, Zn4Sb3 embedded in silica aerogel, and bulk 
Zn4Sb3 at 300 and 420 K 
 
The use of SThM enables the thermal conductivity of Zn4Sb3 nanoparticle clusters and 
the silica aerogel to be measured separately. The silica aerogel and Zn4Sb3 nanoparticle 
clusters are distinct in the SThM thermal images that are revealed in Figure 5-22, seeing as 
the thermal conductivity values of the Zn4Sb3 and silica aerogel are different.  
In order to illustrate the reduction in thermal conductivity in the material, the thermal 
conductivity of bulk Zn4Sb3 and Zn4Sb3 nanoparticles has been compared. At room 
temperature (T = 300 K), the values of thermal conductivity of bulk Zn4Sb3 have been 
measured of 1.15 Wm−1K−1. A mean thermal conductivity of 0.73 W. m−1. K−1 was 
extracted for the Zn4Sb3 nanoparticles cluster. These measured value of thermal conductivity 
are in good agreement with thermal conductivity calculated using nonequilibrium molecular 
dynamics (NEMD), which is given a value of  0.45 Wm−1K−1 at 40% porosity.177,24 The 
results show that the thermal conductivity of Zn4Sb3 decreased with the reduced size of the 
Zn4Sb3 material to nanoscale due to the reduction in the average free path of the phonon. 
114 
 
5.6.3 Thermoelectric Seebeck coefficient measurement 
SThM has been applied to measure the Seebeck coefficient of the Zn4Sb3 embedded in 
silica aerogel sample. The method has described in Section 3.5. A median value of 
1820μ VK−1 of the Seebeck coefficient of the Zn4Sb3 embedded in silica aerogel sample was 
measured at room temperature and there is a small decrease in the Seebeck coefficient at 
420K (Figure 5-23) where the median value of the Seebeck coefficient at 420K is 
1820μ VK−1.  
 
 
Figure 5. 23: Seebeck coefficient of the Zn4Sb3 embedded in silica aerogel sample 
The measured values of the Seebeck coefficient are similar to the values of Seebeck 
measurement for the silica aerogel sample as Figure 5-24 shows. The Seebeck coefficient of 
the Zn4Sb3 embedded in silica aerogel sample has been increased by 18 orders of magnitude 





Figure 5. 24: Seebeck coefficient measurements of pure silica, embedded Zn4Sb3, and bulk 
Zn4Sb3 at 300 and 420 K 
 
5.6.4 Thermoelectric power factor  
The value of the Seebeck coefficient combined with electrical resistivity have been 
used to calculate the thermoelectric power factor. Figure 5-25 shows the thermoelectric power 
factor of Zn4Sb3 nanoparticles embedded in silica aerogel at various temperatures. The Zn4Sb3 
embedded in silica aerogel exhibits a Seebeck coefficient of 1820μ VK−1 which could 
increase the power factor. However, since the electrical resistivity of Zn4Sb3 nanoparticles 
embedded in silica aerogel increased significantly (Figure 5-25) the power factor is low 
compared with that of bulk Zn4Sb3.  
 
The power factor of Zn4Sb3 embedded in silica aerogel was then compared with the 
power factor of NiNPs embedded in silica aerogel as described in Section 4.3. At room 
temperature the power factor for embedded NiNP is in the range of 10−12 Wm−1 K−2 
whereas it is in the range of 10−16 Wm−1 K−2 for Zn4Sb3 nanoparticles embedded in silica 
aerogel. This difference could be due to concentration of Zn4Sb3 compared with NiNP in 
silica aerogel. The Zn4Sb3 nanoparticles at 700 ppm start to collect at the bottom during 





Figure 5. 25: Power factor of Zn4Sb3 embedded in silica aerogel at different temperatures 
5.6.5 Thermoelectric figure of merit (ZT) 
All measured thermoelectric parameters have been used to extract values of ZT using 
the equation  𝑍𝑇 = 𝑆2 𝑇 𝜌𝑘⁄ . Figure 5-26 shows the value of ZT concerning Zn4Sb3 inserted 
in silica aerogel.  
ZT decreases significantly compared with that of bulk Zn4Sb3. The thermal 
conductivity and Seebeck coefficient is higher in comparison with the bulk Zn4Sb3; however, 
the value of ZT is also affected by electrical resistivity. This reduction in ZT mainly comes 
from the changes in electrical resistivity. 
The electrical resistivity has been significantly increased in the Zn4Sb3 embedded in 




Figure 5. 26: ZT values of Zn4Sb3 embedded in silica aerogel sample 
 
The room temperature ZT values reached 10−9 for NiNP embedded in silica aerogel at 
700ppm, whereas the corresponding values are in the range of 10−12 for Zn4Sb3 embedded in 
silica aerogel. The value of ZT in embedded Zn4Sb3 is higher by 3 orders of magnitude 
compared with embedded NiNP in silica aerogel. Meanwhile, the thermal conductivity is 
noted to be in the same range of 0.02 − 0.03 W m−1 K−1 for both Zn4Sb3 and NiNP 
embedded in silica aerogel.  
The value of electrical resistivity are in the range of 107 Ωm and 1010 Ωm 
respectively for NiNP and Zn4Sb3 embedded in silica aerogel. There is a difference of 3 orders 
of magnitude in the electrical resistivity of NiNP and Zn4Sb3 embedded in silica aerogel. The 
main difference in the value of ZT comes from the differences in electrical resistivity that 




The Zn4Sb3 embedded in the silica aerogel sample has been synthesised successfully 
and its thermoelectric properties have been compared with those of the Zn4Sb3 material. The 
Zn4Sb3 nanoparticles synthesised using the ball-milling process and an average diameter of 
110nm of nanoparticles has been obtained. The Zn4Sb3 nanoparticles were embedded in silica 
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aerogel and a sample with a concentration of 700ppm has been prepared. Further increases in 
concentration of the Zn4Sb3 nanoparticles are not possible because the Zn4Sb3 nanoparticles 
collect at the bottom during synthesis and no further increases were shown in the Zn4Sb3 
nanoparticle concentration in the final aerogel product.  
The thermoelectric characterisation of Zn4Sb3 nanoparticles embedded in silica 

































6.1 Conclusion  
 
 
This thesis was dedicated to the synthesis and characterisation of thermoelectric material 
using different techniques. Based on state-of-the-art thermoelectric material in Chapter 1, 
engineering material properties can alter the electrical and thermal conductivity. Silica aerogel 
is of interest owing to its minimal thermal and electrical conductivity. This has led to the 
synthesis of silica aerogel embedded with Ni nanoparticles and Zn4Sb3 thermoelectric 
material. Silica aerogel doped with Ni nanoparticles and Zn4Sb3 nanoparticles was 
synthesised using sol-gel process.   
The methodology of the experimental work was introduced to study the thermoelectric 
properties of the samples and explained in Chapter 2. The Seebeck coefficient, thermal 
conductivity and electrical resistivity perimeters signify the performance and quality of the 
material. Therefore, precise and accurate measurement is essential. Scanning thermal 
microscopy (SThM) and temperature dependent Raman spectroscopy was used to evaluate the 
thermal properties of the synthesised samples. Electrical resistivity was measured using the 
four-point probe on CASK4200. Measured parameters were used to extract the sample ZT. 
The composition of the samples was studied using X-ray diffraction and transmission electron 
microscopy.  
We raised a question regarding thermal conductivity measurement using SThM and to 
achieve more accurate thermal characterisation of materials. In Chapter 3, an approach to 
improve the thermal conductivity measurement using SThM was introduced. The SThM 
probe apex temperature (𝑇apex) is always estimated and considered as a constant value in 
order to extract values of  𝐺𝑝 and then 𝐺𝑐. This increases the uncertainty regarding thermal 
conductivity measurement. In this work, a KNT thermal probe mounted on a SThM in 
conjunction with an ultra-fine thermocouple was used to experimentally measure 𝐺𝑝 and then 
𝐺𝑐. This led to a 5% improvement in thermal conductivity measurements compared with 
existing thermal conductivity measurements using SThM. Similarly, in this approach the 
sample Seebeck coefficient can be measured simultaneously with thermal conductivity. 
Compared with the existing method, this approach does not need any test structure and 
consists of direct measurement.  
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Nanostructuring has been noted to be a valuable method in regard to diminishing thermal 
conductivity, while maintaining the electrical properties of thermoelectric materials. In 
Chapter 4, the thermoelectricity of Ni nanoparticles embedded in silica aerogel at different 
concentrations was examined. As demonstrated, Ni nanoparticles samples exhibit a magnitude 
improvement of 6 orders when the concentrations are increased from 0 to 700 ppm. The 
electrical resistivity is highly sensitive to the concentration of Ni nanoparticles in the silica 
aerogels, while the thermal conductivity remains largely unchanged. 
In Chapter 5, the Zn4Sb3 embedded in the silica aerogel sample has been synthesised 
successfully and its thermoelectric properties have been compared with those of the Zn4Sb3 
material. The concentration of the Zn4Sb3
 nanoparticles has increased to 700 ppm. The 
electrical resistivity of the Zn4Sb3 embedded in the silica aerogel has increased compared with 
bulk Zn4Sb3. The increase in electrical resistivity will weaken the power factor and 
consequently decease the ZT value.  
 
6.2 Future works 
 
In this work, the thermoelectric properties of silica aerogel-based material have been 
studied in order to maximise the efficiency of bulk Zn4Sb3 aiming for improved efficiencies 
of future thermoelectric modules at room temperature. The work achieved within this thesis is 
reported next: 
• The complete thermoelectric characterisation including electrical resistivity, 
thermal conductivity and Seebeck coefficient of nickel nanoparticles embedded in silica 
aerogel at three different concentrations. 
• The development and improvement of the characterisation technique to 
measure experimentally the thermal conductivity using scanning thermal microscopy, so that 
the thermal properties of the materials can be evaluated at the submicron level. 
• The development of characterisation techniques to evaluate experimentally the 
Seebeck coefficient using scanning thermal microscopy, so that an accurate value of the 
Seebeck coefficient could be measured without fabricating micro-structure which allows the 
heat flux flowing inside the structure.    
• The first study of Zn4Sb3 nanoparticles embedded in silica aerogel including 
synthesis and complete thermoelectric characterisation have been studied in order to improve 
the ZT.  
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The present investigation is focused on the optimising ZT of the Zn4Sb3 material 
while concurrently developing and deploying of new characterisation techniques. As a 
consequence, future analysis stemming from this work will likely be divided between studies 
of improving the thermoelectric properties of the Zn4Sb3 material using the sol-gel approach 
and seeking extended thermal characterisation capabilities. 
• Opportunities to improve the thermoelectric properties of the Zn4Sb3 material 
The main challenge in developing thermoelectric materials with a high figure of merit 
is to connect the thermoelectric parameters. Nanostructuring can increase the thermopower 
(𝑆2 𝜎). Apart from nanostructuring, thermal conductivity can be reduced significantly by 
introducing porosity within the thermoelectric materials. The main mechanism to lower 
thermal conductivity in porous materials is by scattering the phonons with pore boundary. 
Characterisation of nickel nanoparticles embedded in silica aerogel shows that the 
electrical resistivity of sample has been decreased by 6 orders of magnitudes as the 
concentration of nickel nanoparticles has been increased from 0 to 700ppm. While the thermal 
conductivity has reduced significantly compared with bulk nickel material also stayed 
unchanged as the concentration of nickel nanoparticles increased from 0 to 700ppm.  
The synthesis and characterisation of Zn4Sb3 nanoparticles embedded in silica aerogel 
has been demonstrated in Chapter 5. The electrical resistivity of the sample has increased 
significantly compared with bulk Zn4Sb3 whereas the thermal conductivity has reduced 
enormously. In order to increase the ZT, it is necessary to increase the concentration of 
Zn4Sb3 nanoparticles beyond 700ppm in silica aerogel. However, there is a limitation in the 
sol-gel method in synthesis of the samples beyond 700 ppm concentration. At concentrations 
beyond 700ppm, some nanoparticles agglomerate and precipitate at the bottom of the wet gel 
during the gelation period, they cannot be dispersed further. Therefore, a higher concentration 
than 700ppm is only a nominal value. In fact, it is not possible to embed more nanoparticles.    
It is believed that the approach, the underlying idea for improving the figure of merit, 
that showing here is generic and could bring large improvement in thermoelectric properties 
once the right materials are selected. For example, changing dimensionality, perhaps 
embedding 2D materials opposed to nanoparticles and nanowires one would be able to 
increase meaningfully the electrical conductivity of these composites further. However, this is 
going to be our future study. 
• Opportunities in the thermal characterisation  
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Over the past decade, the nanostructuring has been proven to improve the performance 
of thermoelectric material. In order to evaluate the performance of thermoelectric materials, it 
is necessary to obtain an accurate characterisation of the individual parameters in the figure of 
merit. However, submicron characterisation has been proven to be challenge task in 
particular, Seebeck coefficient measurement.  
The simultaneous temperature and Seebeck coefficient measurement have been 
demonstrated in Chapter 3 for variety of bulk sample. In this technique the heat is conduct by 
a Peltier heater to the sample and induced temperature and voltage will be measured using 
SThM. However, in nanostructured material such as nanowires, it is not possible to use a 
Peltier heater as heat is conducted to the SThM cantilever by air conduction (described in 
Chapter 3, Section 2).  
In order to measure the Seebeck coefficient of nanowire using this technique, a joule 
heater test structure is required which will conduct heat from one side sample to another. 
Extra precaution is required to minimise the heat air conduction from the heater to the 


















[1]. Datta, S. and van Houten, H. (1996) Electronic Transport in Mesoscopic 
Systems. Physics Today, 49(5), pp. 70-70. 
[2].  Berggren, K. (1988) Quantum phenomena in small semiconductor structures and 
devices. International Journal of Quantum Chemistry, 33(3), pp. 217-245. 
[3]. Datta, S. (2017) Lessons from nanoelectronics, A New Perspective on Transport. 
Singapore: World Scientific Publishing Co. Pte Ltd.  
[4]. Pierret, R. F. (1996), Semiconductor Device Fundamentals, Addison-Wesley Reading, 
MA, USA. 
[5]. Changwook, J., Raseong, K., Mathieu, L., Supriyo, D. and Mark, L. (2010), On 
Landauer vs. Boltzmann and full band vs. Effective Mas Evaluation of Thermoelectric 
Transport Coefficient, Journal of Applied Physics, 107, 023707. 
[6].  Ziman, J. M. (1964), Principle of the Theory of Solids, Cambridge University Press, 
Cambridge. 
[7]. Ashcroft, N. W. and Mermin, N. D. (1976), Solid-State Physics Saunders College 
Philadelphia, PA. 
[8]. Jensen, J. and Krebs, F. (2014) From the Bottom Up - Flexible Solid State 
Electrochromic Devices. Advanced Materials, 26(42), pp. 7231-7234. 
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